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ABSTRACT OF DISSERTATION 
 
 AGE-RELATED DIFFERENCES IN THE  
LUMBOPELVIC KINEMATICS DURING THE  
TRUNK MOTIONS IN THE ANATOMICAL PLANES 
 
 
 Management and control of the low back pain as an important health problem 
in the industrial societies necessitates to investigate how the risk of this disease is 
affected by aging. Since the abnormalities of the lumbopelvic kinematics are related to 
the existence or risk of low back injuries, the objective of this dissertation was set to 
find the age-related differences in lumbopelvic kinematics when performing basic trunk 
motions reaching to range of motion in different anatomical planes.  
 A cross-sectional study was designed where sixty asymptomatic individuals 
between 20–70 years old with no confounding health condition, no current or previous 
highly physically demanding occupation and a body mass index between 22 and 30, were 
divided in five equally-sized and gender-balanced age groups, and attended two sessions 
of data collection to perform three repetitions of self-selected slow and fast trunk forward 
bending and backward return, as well as one left and right lateral bending and axial twist. 
Following an extensive literature review, the lumbar contribution (LC) to the trunk 
motion, the mean absolute relative phase (MARP) between the thoracic and pelvic 
motions as well as variation in MARP under repetitive motions, denoted by deviation 
phase (DP) were selected and used for the assessment of age-related differences in 
lumbopelvic kinematics during forward bending and backward return tasks. 
Lumbopelvic kinematics during the lateral bending and axial twist tasks were assessed 
using the lumbar and pelvic ranges of motion (ROMs) and coupled motion ratios (CMRs) 
as respectively the maximum flexion/rotation in the primary (i.e., intended) and the 
secondary (i.e., coupled) planes of trunk motion, where the latter was normalized to 
the conjugate ROM for better comparison. 
 The results showed age-related differences between the age groups above and 
under 50 years of age generally. A smaller LC during the forward bending and 
backward return tasks were observed in the older versus younger age groups, 
suggesting that the synergy between the active and passive lower back tissues is different 
between the older and younger people, which may affect the lower back mechanics. Also, 
 
 
smaller MARP and DP suggesting a more in-phase and more stable lumbopelvic rhythm 
were observed in the older versus younger age groups, which may be a neuromuscular 
strategy to protect the lower back tissues from excessive strain, in order to reduce the 
risk of injury. Furthermore, the coupled motion of lumbar spine in the transverse plane 
during the lateral bending to the left, and the coupled motion of pelvis in the sagittal 
plane during the axial twist to the right were larger in older versus younger age groups.  
 In summary, the lumbopelvic kinematics changes with aging, especially after the 
age of 50 which implies alterations in the active and passive tissue responses to the task 
demands, as well as the neuromuscular control patterns. Drawing a conclusion regarding 
the effect of aging on the risk of low back pain from these results requires a further 
detailed knowledge on age-related differences in spinal active and passive tissue 
properties. 
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Chapter 1. Introduction 
 
1.1. Low back pain and aging 
 As a major health problem, low back pain (LBP) affects about two thirds of the 
adults at some time in life. It is the second reason for visiting a physician (Deyo and 
Weinstein 2001, Deyo et al. 2006), as well as a significant cause of disability (Frymoyer et 
al. 1983). The prevalence of LBP has been increasing over the past three decades (Hoy et 
al. 2012). Its morbidity also has increased from almost 58.2M1 DALY2s (95%UI3: 39.9-
78.1M) in 1990 to 83.0M (95%UI: 56.6-111.9M) DALYs in 2010 (Buchbinder et al. 2013). 
Moreover, this disease imposes a substantial cost to the economy (Maetzel and Li 2002, 
Bakker et al. 2009).The total direct and indirect expenses of low back injuries and related 
pain were estimated to be $25-95 billion per year in 2005 (Davis and Jorgensen 2005).  
 Three main categories of risk factors have been known for LBP so far, including 
individual, psychosocial and physical risk factors (Burdorf and Sorock 1997). In another 
sense, risk factors are divided as occupational (work-related), recreational, and 
environmental (Frymoyer et al. 1983). Most of the studies on LBP risk factors focus on the 
occupational ones, as they have a higher incidence, as well as a larger associated cost and 
work loss (Hoogendoorn et al. 2000, Takala et al. 2010, Janwantanakul et al. 2012). Despite 
of the huge number of attempts and studies in this area, the majority of LBP cases are 
classified as non-specific LBP, meaning that no specific cause has been diagnosed for them 
(Deyo and Weinstein 2001). 
 Some have suggested the aging as a risk factor of LBP due to the higher prevalence 
of this disease among the older people (Burdorf and Sorock 1997, Manchikanti 2000, 
Kopec et al. 2004, Cassidy et al. 2005, Deyo et al. 2006, Dionne et al. 2006, Johannes et 
al. 2010, Hoy et al. 2012, Hoy et al. 2014). This issue becomes more important as the 
population of older workers is growing from 19.5% (total=~30 million) in 2010 to 25% 
(total=~41 million) in 2020 (Toossi 2012). Thus, it is necessary to investigate the causal 
relationship of the aging and LBP. 
1 Million 
2 Disability adjusted life year 
3 Uncertainty interval 
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1.2. Mechanical loading and kinematics of motion 
 One possible cause for non-specific LBP is low back injury, which is in turn the 
result of excessive mechanical loading on the lumbar spine. Such a loading creates a 
harmful compression and shear stress and strain at the lumbar tissues, causing pain in that 
area (McGill 1997). Excessive mechanical loading on the lumbar spine has two potential 
sources: 1) large muscle forces as required to provide equilibrium for the spine when 
performing highly demanding tasks, and 2) large tissue deformations caused by spinal 
instability during regular daily activities. Thus, a vast line of research is currently carried 
out to identify the mechanisms by which the exposure to various risk factors may increase 
the mechanical loading on the lumbar spine.  
 There is no doubt that aging leads to changes in the spinal tissues and muscles 
(Buckwalter 1995, Adams et al. 1996, Iida et al. 2002, Shao et al. 2002, Hasegewa et al. 
2009, Galbusera et al. 2014). However, it is not yet clear whether such age-related changes 
have any adverse effects on the mechanical loading of lumbar spine. The main problem in 
lack of success in establishment of such a relationship is the difficulty in direct 
measurement (i.e., experimentally) or evaluation (i.e., using a spine model) of mechanical 
loading in the spine.  
 The biomechanics of spine is affected by the correlation between three main 
subsystems: 1) the passive tissues subsystem which includes vertebrae, intervertebral discs, 
ligaments …, as well as the passive mechanical properties of the spinal muscles, 2) the 
active tissues subsystem which includes the spinal muscles and tendons, and 3) the neural 
subsystem which consists of the neural sensors and control centers (Panjabi 1992) as 
schematically illustrated in Figure 1-1. Accordingly, any change in the kinematics of 
motion as controlled by the nervous system, results in an alteration in the performance of 
the passive and active tissue subsystems. Consequently, the synergy between the loading 
on the passive and active tissues will change, leading to a completely different load 
distribution in the lumbar spine. Therefore, any change in the kinematics of motion when 
performing a task may be an indication of a different biomechanics of lumbar spine and 
risk of injury. Thus, analyzing the kinematics of motion can serve as an alternative to the 
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missing direct measurement technics of the mechanical loading of the lumbar spine in 
research.  
 
 
Figure 1-1: The three main subsystem which control the biomechanics of spine. 
Adopted from (Panjabi 1992) 
 
1.3. Objective and specific aims  
 The objective of this exploratory project was to investigate the age-related 
differences in the lumbopelvic kinematics when performing basic trunk motions reaching 
to range of motion in different anatomical planes. Trunk motion in the sagittal plane (unlike 
the frontal and transverse planes) is accomplished by a considerable contribution from both 
the lumbar spine and pelvis. The timewise contribution of the lumbar spine and pelvis to 
the total trunk motion is referred to as the lumbopelvic rhythm (LPR). Measures related to 
LPR have been widely used to investigate how exposure to various risk factors of LBP are 
related to changes in the biomechanics of lumbar spine (Granata and Sanford 2000, 
Lariviere et al. 2000, Thomas and Gibson 2007, Hu et al. 2014, Phillips et al. 2014, Hu and 
Ning 2015a, Pries et al. 2015), as well as to compare the biomechanics of lower back 
between people with versus without LBP (Paquet et al. 1994, Porter and Wilkinson 1997, 
Lariviere et al. 2000, van Wingerden et al. 2008, Kim et al. 2013, Hasebe et al. 2014, Jandre 
Reis and Macedo 2015). In order to specify suitable kinematic measures to find out the 
relationship between the aging and biomechanics of lumbar spine during trunk motion in 
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the sagittal plane, we conducted a literature review on LPR. The outcomes of this review 
were published in a two-part review paper (Vazirian et al. 2016b, Vazirian et al. 2016c). 
The first part of review (Vazirian et al. 2016b) summarizes the measurement technics and 
characterization approaches of the LPR, and the second one (Vazirian et al. 2016c) 
summarizes the effects of participants and task characteristics. Please refer to Appendices 
A and B for the complete report of the summaries. Based on the results of review, the 
lumbar contribution (LC) to the trunk motion, and the mean absolute relative phase 
(MARP) and deviation phase (DP) were selected as kinematic measures to characterize the 
magnitude and timing aspect of LPR. A smaller MARP means a more in-phase, and a 
smaller DP means a less variable (i.e., more stable) LPR. Since the magnitude and timing 
aspects of LPR are independent from each other, it was expected that these two would 
reveal different effects of aging on the spinal biomechanics. It had been previously shown 
that LBP patients had a more in-phase and less variable LPR in the sagittal plane (Selles et 
al. 2001, Seay et al. 2011, Mokhtarinia et al. 2016). 
 While the trunk motion in the sagittal plane only results in the lumbar and pelvic 
motions in the same plane, the trunk motion in the frontal and transverse planes (i.e., lateral 
bending and axial twist respectively), results in the lumbar and pelvic motions in the 
primary (i.e., in the same plane as intended to move) as well as in the secondary (or 
coupled) planes. The existence of coupling in the lumbar and pelvic motions have been 
verified in-vitro (Panjabi et al. 1989, Oxland et al. 1992, Barnes et al. 2009) and in-vivo 
(Russell et al. 1993, Ha et al. 2013, Yun et al. 2015) previously. But, no study had yet 
investigated the effect of age on the lumbar and pelvic coupled motions. The coupled 
kinematics is important to be studied as they create a more asymmetric motion, leading to 
a higher risk of LBP (Kim and Zhang 2016).  
 Therefore, to achieve our objective we used magnitude and timing-related measures 
of LPR to assess the lumbopelvic kinematics in forward bending and backward return, and 
used the range and coupling of lumbar and pelvic motion to assess the lumbopelvic 
kinematics in lateral bending and axial twist. Particularly, our objective was achieved by 
completing two specific aims: 
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1.3.1. Specific aim 1: Determine age-related differences in the lumbopelvic 
kinematics during the trunk forward bending and backward return  
 Lumbar contribution (LC) as a magnitude-related measure of LPR was compared 
among age groups of participants performing trunk forward bending and backward return 
(i.e., flexion and extension in the sagittal plane). Since a smaller lumbar range of motion 
(ROM) had been suggested in the older versus younger individuals (Intolo et al. 2009), it 
was hypothesized that the LC would be significantly smaller in participants older than 40 
years old, versus those younger than this age. 
 Furthermore, the mean absolute relative phase (MARP) and deviation phase (DP) 
were evaluated and compared among the age groups as timing-related measures of LPR 
for the same tasks. Assuming that a more in-phase and less variable LPR indicated a 
protective strategy adopted to prevent the spinal segments from excessive strains, and that 
the same strategy may be helpful to protect the spine in the older individuals as the spinal 
tissues had been affected adversely by aging, it was hypothesized that the older versus 
younger age groups would have a larger MARP and a smaller DP. 
1.3.2. Specific aim 2: Determine age-related differences in the lumbopelvic 
kinematics during the trunk lateral bending and axial twist 
 The magnitude aspects of lumbopelvic kinematics, both in the primary and 
secondary planes of trunk motion were compared among the age groups during lateral 
bending and axial twist tasks to the left and right. For the sake of better comparison the 
ROM in the secondary planes were normalized to the ROM in the primary planes and 
reported as the coupled motion ratio (CMR) as an assessment of the coupling in the motion. 
As a smaller lumbar ROM had been observed in the older versus younger age groups during 
forward bending (Intolo et al. 2009), it was hypothesized that a smaller lumbar ROM would 
be also observed in the primary plane of trunk motion during lateral bending and axial 
twist, while the age-related difference in the CMR were left as an exploratory objective. 
1.4. Organization of the dissertation 
 In Chapter 2 the magnitude aspect of LPR will be compared among the studied age 
groups while performing forward bending and backward return tasks, using lumbar 
5 
 
contribution, as a suitable measure for this purpose. For the same sample of participants 
and the same tasks, Chapter 3 will focus on comparing the timing aspect of LPR, using 
MARP and DP as appropriate measures. In Chapter 4, the ROM and CMR, as a suitable 
measure talking about the coupling in lumbar and pelvic motion, will be compared among 
the same age groups, but for lateral bending and axial twist tasks. Chapter 5 will include a 
conclusion drawn from the entire study, as well as a scope for future work in the same line 
of research.  
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Chapter 2. Lumbar Contribution to the Trunk Forward Bending and Backward 
Return; Age-related Differences 
 This chapter reproduced from a published manuscript, Vazirian, M., I. Shojaei, A. 
Agarwal and B. Bazrgari (2017). "Lumbar contribution to the trunk forward bending and 
backward return; age-related differences." Ergonomics 60(7): 967-976. 
 
2.1. Introduction 
 Low back pain (LBP) is a major health problem, which affects about two thirds of 
the adult population for at least once in life. As the second most frequent reason for visiting 
a physician (Deyo and Weinstein 2001, Deyo et al. 2006), and a significant cause of 
disability (Frymoyer et al. 1983, Buchbinder et al. 2013), the prevalence of LBP has been 
increasing over the past three decades (Hoy et al. 2012). This disorder is also associated 
with a substantial economic burden (Maetzel and Li 2002, Bakker et al. 2009), as the total 
direct and indirect costs of low back injuries and related pain were estimated to be $25-95 
billion per year (Cats-Baril and Frymoyer 1991). Aging is known to be an important risk 
factor for LBP (Burdorf and Sorock 1997, Manchikanti 2000, Kopec et al. 2004, Cassidy 
et al. 2005, Deyo et al. 2006, Dionne et al. 2006, Johannes et al. 2010, Hoy et al. 2012, 
Hoy et al. 2014). The population of older workers has been predicted to be growing from 
19.5% (total=~30 million) in 2010 to 25% (total=~41 million) in 2020 (Toossi 2012), 
highlighting the importance of research to find out the relationship between aging and LBP. 
 Abnormal mechanics of the lower back, specifically excessive stress and strain 
imposed on the lower back tissues, has been suggested to play an important causal role in 
development of LBP  (Adams et al. 2006). Such a harmful mechanical environment may 
result either from large muscle forces in response to equilibrium requirements of the spine 
while performing highly demanding tasks, or from large tissue deformations due to spinal 
instability while performing activities of daily living. Although earlier studies have 
reported age-related differences in tissue properties and function (Buckwalter 1995, Adams 
et al. 1996, Iida et al. 2002, Shao et al. 2002, Galbusera et al. 2014) that can be associated 
with age-related differences in lower back loading, no study has yet directly assessed such 
a relationship. The major challenges in evaluation of age-related differences in lower back 
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mechanics are the difficulties associated with experimental-based measurement as well as 
modeling-based estimation of the lower back loading. In other research areas related to 
lower back mechanics, such a limitation has been tackled by using indirect measures. In 
particular, measures related to the lumbopelvic coordination have been extensively used to 
investigate the relationship between exposure to LBP risk factors, and changes in the lower 
back mechanics (Granata and Sanford 2000, Lariviere et al. 2000, Thomas and Gibson 
2007, Hu et al. 2014, Hu and Ning 2015a, Phillips et al. 2015, Pries et al. 2015), as well as 
differences in the lower back mechanics of people with versus without LBP (Paquet et al. 
1994, Porter and Wilkinson 1997, Lariviere et al. 2000, van Wingerden et al. 2008, Kim et 
al. 2013, Hasebe et al. 2014, Jandre Reis and Macedo 2015). 
 The suggested premise behind the study of lumbopelvic coordination is that any 
change in the lumbopelvic coordination could be an indication of alteration in the synergy 
between active and passive contributions of the lower back tissues to trunk motion. Such 
changes could in turn, alter the load (forces and deformations) distribution within the lower 
back tissues. The amount of lumbar contribution (LC) to the trunk motion has been used 
as a measure of lumbopelvic coordination in previous studies. Presence of external load 
and muscle fatigue have been separately shown to increase the LC (Hu et al. 2014, Hu and 
Ning 2015b), whereas increasing the pace of trunk motion, as another identified LBP risk 
factor, has been shown to decrease the LC (Thomas and Gibson 2007). While increasing 
the external load and pace of trunk motion are both associated with an increase in 
equilibrium demand of the task on the spine, the reported differences in LC suggest 
different levels of active versus passive contributions from the lower back tissues to fulfill 
such an increase in equilibrium requirement. Specifically, for a given fixed level of 
equilibrium demand, a larger LC is an indication of larger passive involvement of lower 
back tissues whereas a smaller LC suggests more active contribution to offset the 
equilibrium demand of the spine (Tafazzol et al. 2014).  
 While the exact relationship between the changes in lumbopelvic coordination and 
alterations in the lower back loading is not yet known, investigation of age-related 
differences in the lumbopelvic coordination may help us identify ages above which 
substantial changes in the lower back loading, when performing activities of daily living, 
should be expected. At present, such knowledge is not offered by the few studies that have 
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reported differences in lumbar range of motion (ROM) between older and younger 
populations (Gracovetsky et al. 1995, Pries et al. 2015). Thus, the main objective of this 
study was to determine the starting age for occurrence of a significant change in LC to the 
trunk motion in the sagittal plane. This was achieved by assessing LC over the entire as 
well as each quartile of bending and return phases of trunk motion among 60 gender-
balanced asymptomatic individuals between 20 and 70 years old. The effects of gender and 
pace of trunk motion on the age-related differences in LC were also investigated. The 
lumbar ROM has been suggested to be significantly smaller in the older age groups than in 
the younger age groups. Such an age-related difference has been reported to be consistent 
in both males and females, but to be more pronounced after the age of 40 in males and age 
of 50 in females (Intolo et al. 2009). Accordingly, significant reductions in both total and 
quartile LCs to trunk motion in the sagittal plane were hypothesized to occur after the age 
of 40; reductions that were not expected to be affected by gender. Increasing pace of trunk 
motion has been reported to be associated with decreased lumbar ROM in young 
asymptomatic individuals (Thomas and Gibson 2007). Whether increasing the pace of 
trunk motion would add to the expected age-related reduction in LC was not clear and left 
to be the exploratory objective of this study.  
 
2.2. Methods 
2.2.1. Study Design and Participants 
 A cross-sectional study was designed wherein 60 individuals were recruited to form 
five equal-sized and gender-balanced age groups, each representing a decade of an 
individual’s working life between 20 and 70 years. To increase the chance of identifying 
any potential differences in our outcome measures, particularly between the adjacent age 
groups, two years from the ends of each decade were cut off, resulting in the age groups of 
22-28, 32-38, 42-48, 52-58 and 62-68 years of age. All volunteers completed a consenting 
procedure which had been approved by the Institutional Review Board of the University 
of Kentucky, and were then screened for the following exclusion criteria: 1) back pain 
within the last year, 2) spinal deformity, surgery or any other musculoskeletal abnormality 
in the trunk, 3) a history of work in physically demanding occupations (e.g., frequent 
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lifting, twisting, bending, driving), 4) BMI <20 or >30. These exclusion criteria were 
adopted to minimize their confounding effects on our outcome measures. Univariate 
analysis of variance (ANOVA) indicated no significant differences in stature (p = 0.808) 
or body mass (p = 0.095) between the five age groups (Table 2-1). 
 
Table 2-1: General Characteristics of the participants. 
Age range (years) 22-28 32-38 42-48 52-58 62-68 
Number and Gender 6 M* , 6 F* 6 M , 6 F 6 M , 6 F 6 M , 6 F 6 M , 6 F 
Stature (cm) 171.4 (8.6) 170.2 (6.6) 173.1 (8.7) 172.2 (11.8) 170.6 (10.8) 
Body mass (kg) 70.0 (10.4) 73.0 (13.2) 79.3 (14.6) 78.1 (12.2) 72.4 (16.8) 
* M: Male , F: Female 
Stature and body mass are given as mean (SD) 
 
2.2.2. Testing Procedure 
 The participants were instrumented with two magnetic inertial motion trackers 
(MT) (Xsens MTw, Xsens Technologies, Enschede, Netherlands) strapped around the 
thorax at the level of T10, and pelvis to measure the thoracic and pelvic rotations according 
to earlier studies (Bazrgari et al. 2011, Hendershot et al. 2011). A computer recorded the 
three-dimensional orientation of the MTs as rotation matrices at the sampling rate of 50 
Hz, after utilizing a Kalman filter to minimize any potential effect of noise on the data 
(Xsens 2012).  
 Each participant completed two sessions of data collection, taking place in the 
morning to minimize the diurnal and occupational effects on the results, with at least 48 
hours in between. During each session, participants completed two trunk bending-return 
(BR) tests: “slow BR” and “fast BR” tests. In the slow BR test, from an upright standing 
posture, participants bent their trunk at a self-selected pace to reach their maximum forward 
bending posture without any abdominal muscle efforts at the end. They waited for five 
seconds at their maximum bent posture (i.e., guided by examiner counting the seconds out 
load), and then returned to the upright posture, again using a self-selected pace. The fast 
BR test was performed similarly except the participants performed the test as fast as 
possible, and without a wait period at the maximum bent posture. Each of these tests was 
10 
 
repeated three times. To reduce measurement variance due to placement of the MT sensors, 
while the participant was in standard anatomical position, the height of  MT sensors from 
the lab floor were recorded in the first session and were then used for placement of the 
sensor during the second session. 
 
 
Figure 2-1: Participant instrumentation set-up. 
  
2.2.3. Data Analysis 
 The MTs’ rotation matrices were used to calculate the rotations of the thorax and 
pelvis in the sagittal plane by considering the standing posture as the reference posture. 
Lumbar flexion at each time point was calculated as the difference between the thoracic 
and pelvic rotations. The thoracic ROM during each BR test was calculated as the 
difference in the respective recorded rotations between the starting and the ending time 
points of the bending phase of the test. The starting and ending time points of the bending 
phase of each BR test were the times when the thoracic rotations were, respectively, 5% 
and 95% of the maximum recorded thoracic rotation during that test. To calculate the LC, 
the bending and return phases of each test were divided into quarters of equal thoracic 
rotation. The total/quartile LC was calculated as the ratio of the total/quartile range of 
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lumbar flexion/extension to the total/quartile range of thoracic rotation. Therefore, the LC 
can range from 0 to 1 representing 0% to 100% contribution to the trunk motion.  
2.2.4. Statistical Analysis 
 The dependent variables including the thoracic ROM and the total and quartile LCs 
were analyzed using 3-way repeated measures analysis of variance (ANOVA) by SPSS 
(IBM SPSS Statistics 22, Armonk, NY, USA), considering the age group and gender as 
between-subject factors and the pace of test (i.e., slow and fast) as a within subject factor. 
Whenever appropriate, post hoc analyses were conducted on the age groups using the 
Tukey test. The minimum p value to accept the significance was set to 0.05. Prior to 
statistical analyses, conformity of our data to the required ANOVA assumptions was 
verified. In the case of a significant three-way interaction, univariate ANOVAs with two 
between-subject factors (i.e., age and gender) were used to investigate whether the simple 
two-way interaction of gender*age was significant separately at each level of the pace. 
Statistical significance of a simple two-way interaction was accepted at a Bonferroni-
adjusted alpha level of 0.025. 
 
2.3. Results 
2.3.1. Thoracic ROM and Total LC 
 Mean values of the thoracic ROM and total LC under slow and fast BR tests for 
different age and gender groups are depicted in Figure 2-2. The main and interaction effects 
of age, gender, and test pace on the above set of outcome measures are summarized in 
Table 2-2. Although the thoracic ROM did not differ between the age and gender groups, 
the total LC was smaller in the older age groups than in the younger age groups, and in the 
females than in the males (except in the 1st age group). The thoracic ROM was larger 
whereas the total LC was smaller in the fast pace than in the slow pace in all age groups. 
Any possible interaction of independent variables had a significant effect on the total LC. 
Particularly, a significant three-way interaction of pace*gender*age was found on total LC 
(Figure 2-3). Subsequent univariate ANOVAs on separate levels of pace revealed that the 
simple two-way interaction of gender*age was not significant for either of paces. Age and 
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gender both had significant main effects on the total LC both for the slow and fast paces 
(Table 2-2).  
 
 
Figure 2-2: Age-related differences in the thoracic range of motion (top row) and total 
lumbar contribution to trunk motion (bottom row). 
The sub-figure on the left side of each row demonstrates age- and gender-related 
differences, whereas the right side sub-figure demonstrates age- and pace-related 
differences. 
 
2.3.2. Quartile LCs 
 Mean values of the quartile LCs (i.e., four LCs for each of bending and return phase 
of each test) for different age, gender, and pace groups are depicted in Figure 2-4. The main 
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and interaction effects of age, gender, and test pace on the quartile LCs are summarized in 
Tables 3-5. Except during the 4th quarter of bending and 1st quarter of return, all other 
quartile LCs were smaller in the older age group than in the younger age group. Females 
had a smaller LC during all quarters of bending and return phases than males. In general, 
the fast pace was associated with a smaller LC than the slow pace, except for the 1st quarter 
of bending where the fast pace had a larger LC.  
 
 
Figure 2-3: Age- by gender-related differences in the total lumbar contribution for the 
results of slow (left) and fast (right) paces separately. 
 
Table 2-2: ANOVA results for the thoracic range of motion and total lumbar 
contribution. 
  Thoracic ROM Total LC Total LC  
(slow pace only) 
Total LC  
(fast pace only) 
 df F p F p F p F p 
Age 4 1.003 0.415 9.345 <0.001 12.066 <0.001 9.525 <0.001 
Gender 1 0.281 0.599 21.578 <0.001 23.115 <0.001 28.999 <0.001 
Gender*Age 4 0.300 0.876 2.988 0.027 2.639 0.045 2.074 0.098 
Pace 1 313.528 <0.001 113.659 <0.001     
Pace*Age 4 1.760 0.152 10.423 <0.001     
Pace*Gender 1 0.173 0.679 4.356 0.042     
Pace*Gender*Age 4 0.783 0.541 3.142 0.022     
ROM: range of motion, LC: lumbar contribution  
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Figure 2-4: Age-related (top row), gender-related (middle row) and pace-related (bottom 
row) differences in quartile LCs during bending (left side) and return (right side) phases 
of tests. 
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Table 2-3: ANOVA results for the quartile lumbar contributions in bending phase of 
tests. 
  1st quarter 2nd quarter 3rd quarter 4th quarter 
 Df F p F p F p F P 
Age 4 9.282 <0.001 10.206 <0.001 6.509 <0.001 2.365 0.065 
Gender 1 4.315 0.043 9.546 <0.001 23.838 <0.001 19.294 <0.001 
Gender*Age 4 2.171 0.086 2.392 0.063 1.917 0.122 1.825 0.139 
Pace 1 27.253 <0.001 200.414 <0.001 111.651 <0.001 53.033 <0.001 
Pace*Age 4 1.204 0.321 0.875 0.485 2.841 0.034 2.761 0.038 
Pace*Gender 1 .621 0.434 0.677 0.414 1.111 0.297 0.023 0.881 
Pace*Gender*Age 4 3.117 0.023 1.096 0.369 0.840 0.507 1.061 0.386 
 
Table 2-4: ANOVA results for the quartile lumbar contributions in return phase of tests. 
  1st quarter 2nd quarter 3rd quarter 4th quarter 
 Df F p F p F p F P 
Age 4 2.638 0.045 6.280 <0.001 7.091 <0.001 6.403 <0.001 
Gender 1 12.434 0.001 16.176 <0.001 7.821 0.007 4.148 0.047 
Gender*Age 4 1.634 0.180 2.353 0.066 1.613 0.186 0.785 0.541 
Pace 1 79.077 <0.001 158.120 <0.001 45.737 <0.001 3.869 0.055 
Pace*Age 4 2.395 0.063 1.950 0.117 1.131 0.353 0.808 0.526 
Pace*Gender 1 3.183 0.080 1.287 0.262 0.625 0.433 0.016 0.900 
Pace*Gender*Age 4 4.465 0.004 1.029 0.401 2.928 0.030 2.569 0.049 
 
Table 2-5: Tukey results on total and quartile lumbar contribution for age groups.  
 Total LC B1 B2 B3 B4 R1 R2 R3 R4 
22-28 C C B C A A C C B, C 
32-38 C B, C B C A A C C C 
42-48 B, C B, C B B, C A A B, C B, C B, C 
52-58 A, B A, B A A A A A A A, B 
62-68 A A A A, B A A A, B A, B A 
The column titles are coded as: B=bending, R=return, and the quartile number. A, B and C show the 
homogenous subsets with the mean values increasing in order. 
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2.4. Discussion 
 As a part of a larger project wherein age-related differences in lower back 
mechanics have been investigated, (Shojaei et al. 2015, Vazirian et al. 2016a), the thoracic 
ROM, total and quartile lumbar contributions to the trunk motion were evaluated and 
compared among five gender-balanced age groups under slow and fast paces in this study. 
Although the thoracic ROM was not different among the age-groups, the total LC and 
quartile LCs (except the 4th quarter of bending and 1st quarter of return) were smaller in 
individuals older than 50 years old, than those younger than this age. Considering that a 
similar trend of age-related differences was observed in the total and quartile LCs, the 
following discussion materials apply to both the total and quartile LCs unless specifically 
stated otherwise. Our results confirmed the existence of a critical age (i.e., 50 years old) 
after which a significant reduction occurs in the LC, although it was not the hypothesized 
age of 40. In spite of significant gender by age interaction in the total LC, the LCs had the 
same trend (i.e., significant reduction after the age of 50) in both genders, supporting our 
hypothesis that age-related differences in the LC are not affected by gender. Moreover, 
despite of a significant pace by age interaction in the total LC, as well as significant pace 
by age interactions in LC of the 3rd and 4th quartiles of bending, it was shown that the same 
age-related trend existed in both paces. Therefore, it was concluded that the age-related 
differences in the LC are not affected also by the pace of trunk motion. 
 Smaller LC in the older individuals than the younger individuals under similar 
thoracic ROM indicates that the older individuals rely more on the pelvic rotation than 
lumbar flexion, to complete the trunk bending and return tasks. This finding is consistent 
with earlier reports of smaller lumbar ROM in older individuals than younger individuals 
(McGill et al. 1999, Intolo et al. 2009, Dreischarf et al. 2014, Song and Qu 2014, Shojaei 
et al. 2016d). Higher reliance on the pelvic rotation with aging, however, notably changes 
the mechanical demand of the task on the spine. Particularly, a larger pelvic rotation under 
similar thoracic rotation in the older individuals than in the younger individuals was found 
to result in significant increase in the shearing demand of the bending task on the spine 
(Shojaei et al. 2016d). Although the net moment demand of bending task (to be offset 
internally by spinal ligaments and muscles) was found not to be different between the older 
and younger individuals (Shojaei et al. 2016d), a smaller LC among the older participants 
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suggests a decrease in the passive contribution of spinal ligaments and muscles (due to a 
smaller stretch) to offset the task demand on the spine. The associated smaller passive  
response of lower back tissues to the task demand with a smaller LC has been shown to 
result in a larger muscle response, therefore, leading to higher compression and shear forces 
at the lower spinal level (Tafazzol et al. 2014).  Specifically, using a finite-element model 
of the lumbar spine, Tafazzol et al. (2014) evaluated the compression and shear forces on 
the L5-S1 joint for angles of thoracic rotation ranged from 10 to 110 degrees with 10 degree 
increments, under eleven total LC values ranged from 0.33 to 0.75 for each angle of 
thoracic rotation. They observed that in almost all the angles of thoracic rotation, both the 
compression and shear forces increase as the LC decreases. It should be, however, noted 
that smaller LC in the older individuals than the younger individuals may not result in the 
above-suggested increase in the spinal loads, when considering the age-related changes in 
passive behavior of lower back tissues with aging. We have recently quantified the lower 
back tissues response to passive deformation for the same group of participants in this 
study. Those older than 50 years old were found to demonstrate a larger resistance to the 
passive deformation of lower back in the sagittal plane than those younger than this age 
(Shojaei et al. 2016a). It should also be kept in mind that the reported changes in spinal 
load with LC by Tafazzol et al. only accounted for changes in contribution of muscles in 
spinal load and have neglected changes in spinal load due to increased tension in ligaments 
that have much smaller moment arm than trunk muscles. Therefore, the effects of age-
related changes in LC on spinal load should be further investigated to account both for age-
related changes in passive mechanical properties of lower back tissue as well as 
contribution of tension in spine ligaments on spinal loads. 
 Similar to the older versus younger participants, the female participants had equal 
thoracic ROMs and smaller LCs compared to male participants (except in the 22-28 year 
old age group). These differences in LC are consistent with the gender-related differences 
in the lumbar and pelvic ROMs reported in Pries et al. (2015). In contrast to the older versus 
younger individuals, resistance to the passive deformation of lower back is much smaller 
in the females than in the males (Shojaei et al. 2016a). Therefore, a smaller LC in the 
female participants than in the male participants, during the bending and return phases of 
the task considered in this study, not only imposes higher shearing demand on the spine 
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(Shojaei et al. 2016d), but also is very likely to be associated with larger compression and 
shear forces at the L5-S1 spinal level (Tafazzol et al. 2014). This is an important 
observation given the reported higher risk of LBP in the females.  
 Our results were consistent with Thomas and Gibson (2007), who reported a 
decrease in LC with an increase in the pace of trunk motion. The mechanical demand of 
trunk bending and return tasks on the spine increases with increase of the task’s pace due 
to the added inertial demand of the trunk mass. The observed larger thoracic ROM and 
smaller LCs (except during the 1st quarter of bending and 4th quarter of return) in the fast 
pace than in the slow pace suggest additional increase in the mechanical demand of task 
on the lower back due to more reliance on the pelvic rotation as discussed above (Shojaei 
et al. 2016d). In an earlier modeling study (Bazrgari et al. 2008), we noted a substantial 
increase in the compression and shear forces on the spine under fast bending and return of 
the trunk, primarily due to the required large responses from the internal tissues (mainly 
trunk muscles) to offset such increased mechanical demand of the task. One potential 
explanation for the observed decrease in the LC, despite an increase in the task demand 
under the fast trunk motion, could be that the participants tended to keep their trunk muscles 
around a length (i.e., optimal length) associated with a higher force generating capability 
of trunk muscles. Perhaps they could not achieve the faster motion under larger LCs that 
could markedly decrease the force generating capability of their muscles (Delp et al. 2001).  
 Although our findings of age-related differences in the LC suggest changes in the 
lower back loading with aging when performing a trunk bending and return task, the actual 
age-related differences in the spinal loading remained to be investigated. Future modeling 
studies that take into account the age-related differences in active and passive mechanical 
behavior of the lower back tissues should be conducted to better compare the spinal loads 
between the age and gender groups under bending/return tasks. Furthermore, we only 
studied the magnitude of LC as a measure of lumbopelvic coordination. This measure, 
however, does not provide any insight related to the timing aspects of such a coordination 
(Scholz 1990), which plays a critical role in deciphering the motion synergy of multiple 
segments during the task performance (Schoner et al. 1990). In our earlier modeling study 
(Bazrgari et al. 2008), it was noted that earlier lumbar contribution, rather than pelvic 
contribution, to trunk bending and return task under the fast motion can considerably 
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decrease the maximum loads experienced on the spine. Thus, the timing pattern of 
lumbopelvic coordination, as an independent aspect from the magnitude should also be 
compared across the age groups in future studies.  
 In summary, our results suggested that the LC to trunk bending and return tasks is 
markedly different between those older than 50 years old than those younger. The observed 
age-related differences in LC during the trunk bending and return motion were similar to 
differences in LC between males and females, and between slow and fast paces of trunk 
motion. The prevalence of low back pain is higher among females than among males, and 
the risk of low back injury and pain increases under faster trunk motion (Norman et al. 
1998, Davis and Marras 2000, Kingma et al. 2001). It has been reported that the females 
experience 20% larger spinal load than the males when performing similar manual material 
handing tasks (Marras et al. 2002). Our earlier modeling studies similarly suggest an 
increase in the spinal loads with an increase in the motion pace (Bazrgari et al. 2008). 
Therefore, considering the increasing participation of older individuals at workplace, it is 
critical to evaluate the impact of age-related changes in the way individuals perform 
occupational tasks on the mechanical loads experienced in their lower back.   
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Chapter 3. Age-related Differences in the Timing Aspect of Lumbopelvic Rhythm 
during Trunk Motion in the Sagittal Plane 
 This chapter reproduced from a published manuscript, Vazirian, M., I. Shojaei and 
B. Bazrgari (2017). "Age-related Differences in the Timing Aspect of Lumbopelvic 
Rhythm during Trunk Motion in the Sagittal Plane." Human Movement Science 51: 1-8. 
 
3.1. Introduction 
 Frequent trunk bending and return4 has been suggested to be a risk factor for 
occupational low back pain (LBP) (Damkot et al. 1984, Punnett et al. 1991, Hoogendoorn 
et al. 2000), a disorder which still remains of a high morbidity in industrial societies, and 
adversely affects the well-being of people and economy (Buchbinder et al. 2013, Hoy et 
al. 2014). Thus, obtaining a detailed knowledge about the pattern of trunk movement 
during bending and return is an important step for LBP management. Trunk bending and 
return result from rotation of the pelvis as well as flexion/extension of the lumbar spine. 
The patterns of pelvic rotation and lumbar flexion/extension have been studied generally 
from the magnitude and timing-related perspectives, under the so-called topic of 
lumbopelvic rhythm (Wong and Lee 2004, Thomas and Gibson 2007, Silfies et al. 2009, 
Kim et al. 2013, Phillips et al. 2015, Pries et al. 2015, Vazirian et al. 2016b), As a 
magnitude-based measure of lumbopelvic rhythm, the lumbar contribution has been shown 
to be larger in the early stage, to decrease gradually, and to be minimum in the late stage 
of bending. Conversely, the return starts with a minimum lumbar contribution which 
gradually increases throughout the course of return (Vazirian et al. 2017a). On the other 
hand, studies on the timing aspects of lumbopelvic rhythm have shown that the lumbar 
spine versus pelvis tends to move sooner in the bending, and remains ahead in the phase of 
motion. However, in the return, the lumbar spine is behind the pelvis in phase, and finishes 
the motion later (Pal et al. 2007). An important requirement for application of lumbopelvic 
rhythm to prevention, treatment, and rehabilitation of LBP is an understanding of the 
effects of personal differences (e.g., age and gender) on measures of lumbopelvic rhythm 
4 Bending and return in this manuscript refer to respectively bending forward from the upright standing 
posture to the trunk flexed posture, and returning backward from the flexed trunk posture to the upright 
standing posture in the sagittal plane. 
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(Vazirian et al. 2016c). In a recent study, we showed that individuals older versus younger 
than 50 years of age, implemented smaller lumbar contribution during trunk bending and 
return motion irrespective of gender or pace of motion (Vazirian et al. 2017a). However, 
no study yet, to our best knowledge, has investigated the age-related differences in the 
lumbopelvic rhythm from the timing perspective.  
 Generally the timing aspect of lumbopelvic rhythm has been studied using three 
different methods: (1) critical points method wherein a time difference is calculated 
between different event times (e.g., events like onset, termination, maximum displacement, 
or maximum velocity) of lumbar and pelvic motion (Pal et al. 2007, Thomas and Gibson 
2007), (2) cross-correlation method in which the lumbar and pelvic motion are cross-
correlated by determining a time lag (phase) that is associated with the maximum 
correlation between the temporal variations of both lumbar and pelvic motion during the 
task (Lee and Wong 2002, Wong and Lee 2004), and (3) continuous relative phase (CRP) 
method wherein the difference between the phase angles of lumbar and pelvic motions at 
each time instant is obtained from their phase planes (Silfies et al. 2009, Hu et al. 2014, 
Zhou et al. 2015). The CRP method is essentially a dynamical system approach and as 
compared to the other two methods can provide insight related to the stability of trunk 
motion in addition to the timing aspects of the lumbopelvic rhythm (Stergiou et al. 2001). 
Therefore, the objective of this study was set to find the age-related differences in the 
timing aspects of lumbopelvic rhythm using the CRP method. Using this method, it has 
been shown that LBP patients have a more in-phase and less variable (i.e., more stable) 
lumbopelvic rhythm in the sagittal plane (Selles et al. 2001, Seay et al. 2011, Mokhtarinia 
et al. 2016). Considering this phenomenon as a protective strategy adopted to prevent the 
spinal segments from potentially harmful movements relative to each other (van Dieen et 
al. 2003), and on the other hand, since the aging is associated with tissues degeneration and 
impaired functioning of spinal segments (Hoy et al. 2014), it may be speculated that such 
a protective strategy is also adopted in the elderly. Therefore, it was hypothesized that the 
older versus younger participants to have a more in-phase and less variable lumbopelvic 
pattern. 
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3.2. Methods 
3.2.1. Study Design and Participants 
 Sixty individuals were recruited to form five equal-sized and gender-balanced age 
groups, in order to participate in a cross-sectional study. Each age group represented a 
working decade of life between 20 and 70 years. To increase the chances for capturing any 
potential between-group differences in our outcome measures, especially between the 
adjacent age groups, two years were cut off from each side of the age range of each group, 
resulting in the age groups of 22-28, 32-38, 42-48, 52-58 and 62-68 year-old. All volunteers 
consented to participate by completing a procedure approved by the Institutional Review 
Board of the University of Kentucky. They were then further screened for the following 
exclusion criteria: 1) back pain during the last year, 2) spinal deformity, surgery or any 
other musculoskeletal abnormality in the trunk, 3) a history of work in physically 
demanding occupations (e.g., occupations involving frequent lifting, twisting, bending, 
driving), and 4) body mass index <20 or >30. Such exclusion criteria were adopted to 
minimize any confounding effects on the outcome measures due to any back pain history 
(Selles et al. 2001, Seay et al. 2011) or exposure to LBP risk factors associated with 
physically demanding occupations (Hu et al. 2014). There were no significant differences 
in stature (p = 0.917) or body mass (p = 0.234) between the age groups as determined using 
univariate analysis of variance (ANOVA).  
 
Table 3-1: Participants’ anthropometry.  
Age groups (years) 22-28 32-38 42-48 52-58 62-68 
Stature (cm) 173 (8) 172 (6) 173 (9) 172 (12) 172 (11) 
Body mass (kg) 73 (10) 76 (12) 79 (15) 78 (12) 73 (167) 
Each age group included six male and six female participants.  Summary values are means (SDs). No 
significant differences in stature (p = 0.917) or body mass (p = 0.234) between the five age groups were 
indicated by ANOVA. 
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3.2.2. Testing Procedure 
 Two magnetic inertial motion trackers (MT) (Xsens MTw, Xsens Technologies, 
Enschede, Netherlands) were strapped around the participants’ thorax at the level of T10 
(Bazrgari et al. 2011, Hendershot et al. 2011, Shojaei et al. 2016d), and pelvis at the level 
of S1 to measure the thoracic and pelvic rotations. The three-dimensional orientation of the 
MTs as rotation matrices, at the sampling rate of 50 Hz were recorded by a computer, after 
a Kalman filter was utilized to minimize any potential effect of noise on the data (Xsens 
2012).  
 
Figure 3-1: Motion trackers mounted on a participant at the T10 and S1 spinal levels. 
 
 Each participant completed two sessions of data collection with at least 48 hours in 
between. In order to minimize the diurnal and occupational effects on the results, all data 
collection sessions were held in the morning. Each session included two trunk bending-
return (BR) tests with slow and fast paces. In the slow BR test, the participants bent their 
trunk from an upright standing posture to their full-bent posture. Participant were instructed 
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to pause for five seconds at their full-bent posture, guided by an examiner, and then 
returned backward to the upright standing posture. The fast BR test was similar, except that 
participants performed the bending and return as fast as possible without a pause at the full-
bent posture. Slow and fast paces were self-selected and each of the slow and fast BR test 
was repeated three times. To minimize any potential measurement variance due to 
placement of the MT sensors, the examiner recorded the height of MT sensors from the lab 
floor in the upright standing posture during the first session to be used for placement of the 
sensors in the second session. 
 
3.2.3. Data Analysis 
 The rotation matrices collected by MTs were used to find the rotations of the thorax 
and pelvis with respect to the standing posture. Using the rotation data, phase planes of the 
thorax and pelvis were generated according to Lamb and Stöckl (Lamb and Stockl 2014). 
Briefly, this method involved three steps: 1) the reference point for calculating the rotation 
for each task was first moved to somewhere between the standing and full-bent postures, 
so that these two extremes had equal negative and positive values respectively, 2) the 
Hilbert transform was used to transform each modified rotation signal from step one into 
an analytic signal, and 3) the phase plane for each rotation signal was then formed by 
plotting rotation angles versus their Hilbert transform. Finally, the CRP was calculated by 
subtracting the pelvic phase angle from the thoracic phase angle at each instant of time 
(Figure 3-2).   
 Two measures, as suggested by Stergiou et al. (Stergiou et al. 2001), were derived 
from the CRP curve of each BR test to characterize the timing aspect of lumbopelvic 
rhythm: the mean absolute relative phase (MARP) and the deviation phase (DP). In this 
approach, the absolute value of relative phase for each percentile of trunk bending (return) 
phase is obtained initially. Subsequently, for each percentile of trunk bending (return) 
phase a mean and standard deviation value is calculated using corresponding relative phase 
values from all repetitions of the same test (i.e., three repetitions per session and a total of 
six repetitions). Finally, the MARP and DP were calculated as the average of the above 
calculated mean and standard deviation of relative phase over each phase of motion during 
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each test (i.e., bending or return). Based on the definition, MARP values close to 0 indicate 
a more ‘‘in-phase’’ lumbopelvic rhythm, or segments moving more synchronous, while 
values closer to π radians indicate a more ‘‘out-of-phase’’ lumbopelvic rhythm, or 
segments moving less synchronous. On the other hand, a DP closer to 0 indicates a 
lumbopelvic rhythm with less trial-to-trial variability. 
3.2.4. Statistical Analysis 
 The MARP and DP data were first transformed using the natural logarithm (log) in 
order to result in a suitable data distribution of values, as necessitated to comply with the 
assumptions of analysis of variance (ANOVA). Then, a mixed ANOVA was performed on 
the log transformed MARP and DP values using SPSS 22.0 (SPSS Inc., Chicago IL, USA) 
to determine the effects of age and gender as between-subject factors, as well as pace and 
direction (i.e., bending or return) of trunk motion as within subject factors. Tukey post-hoc 
test was used to determine differences between the age groups when appropriate. A p-value 
of 0.05 was set as the maximum to have a significant difference.  
 
 
Figure 3-2: The phase planes of the pelvis (A) and thorax (B) rotations, and the curve of 
continuous relative phase (C) for a sample cycle of forward bending and backward return.  
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3.3. Results 
 Summary of statistical analyses is presented in Table 3-2. Age differences were 
found to have significant statistical effects on both the MARP and the DP. Specifically, the 
MARP values were significantly smaller in the two older (i.e., 52-58 and 62-68 years old) 
versus the two younger (i.e., 22-28 and 32-38 years old) age groups (Figure 3-2). The DP 
values also were significantly smaller in the oldest (i.e., 62-68 years old) versus the three 
younger (i.e., 22-28, 32-38 and 42-48 years old) age groups (Figure 3-3).  
 The pace and direction factors had a significant interaction for the MARP. Separate 
three-way ANOVA tests (i.e., using age and gender as two between-subject factors, and 
pace or direction as one within-subject factor) on the levels of pace and direction (i.e., four 
tests altogether) showed that the mean MARP value for the fast bending test was 
significantly smaller (p<0.001) than the three other tests. Finally, the faster versus slower 
pace was associated with a significantly smaller (p<0.001) DP (Figure 3-4). 
 
Table 3-2: ANOVA results for the effects of age, gender, motion pace, and direction on 
the mean absolute relative phase and deviation phase.  
 Mean Absolute Relative Phase Deviation Phase 
Source df F p F p 
Age 4 4.748 0.003 6.340 <0.001 
Gender 1 2.864 0.097 1.998 0.164 
Pace 1 11.329 0.001 29.133 <0.001 
Direction 1 18.081 <0.001 2.227 0.142 
Age * Gender 4 0.610 0.658 1.496 0.218 
Pace * Age 4 1.254 0.301 1.919 0.122 
Pace * Gender 1 3.149 0.082 0.582 0.449 
Direction * Age 4 0.733 0.574 0.478 0.752 
Direction * Gender 1 0.241 0.625 1.780 0.188 
Pace * Direction 1 13.995 <0.001 2.384 0.129 
Pace * Age  *  Gender 4 1.206 0.320 0.604 0.661 
Direction * Age  *  Gender 4 0.286 0.885 1.041 0.395 
Pace * Direction * Age 4 1.127 0.355 1.622 0.183 
Pace * Direction * Gender 1 0.929 0.340 0.185 0.669 
Pace * Direction * Age  *  Gender 4 0.544 0.704 0.407 0.803 
 Significant effects are denoted by bold fonts.  
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Figure 3-3: The effects of age on the mean absolute relative phase (top) and deviation 
phase (bottom).  
Values are averaged across all motion paces and directions. The error bars and stars 
indicate the standard deviation and significant difference between age groups 
respectively. 
 
3.4. Discussion 
 As a part of a larger exploratory project on age-related differences in the mechanics 
of lower back (Shojaei et al. 2016a, Shojaei et al. 2016d, Vazirian et al. 2016a, Vazirian et 
al. 2017a), the purpose of this study was to find the age-related differences in the timing 
aspect of lumbopelvic rhythm using the CRP method during bending and return. The older 
versus younger age groups were found to have a smaller MARP and DP, suggesting that 
the lumbar and pelvic motions contribute to the trunk motion with more in-phase and less 
variable patterns in the older versus younger age groups (i.e., confirming our hypothesis).  
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Figure 3-4: The interaction between the pace and direction on mean absolute relative 
phase (top) and deviation phase (bottom).  
The MARP and DP values are averaged for all the participants. This chart demonstrates 
that the MARP is smaller in the fast bending than the slow bending and fast return. Also, 
the DP is smaller in the fast versus slow bending/return tests regardless of motion 
direction. The error bars and stars indicate the standard deviation and significant 
difference between groups respectively. 
 
 The lumbopelvic rhythm has magnitude and timing aspects, which need to be 
studied using separate analyses (Vazirian et al. 2016b). Previously, the authors showed for 
the same sample of participants that the lumbar contribution (as a magnitude-related  
measure of lumbopelvic rhythm) was smaller in the age groups above the 50 years of age 
than those below (Vazirian et al. 2017a). Here, it was further shown that not only the older 
age groups had a smaller lumbar contribution throughout the bending and return, but they 
tended to have a more in-phase motion of the lumbar spine and pelvis. More in-phase 
lumbopelvic rhythm in patients with LBP versus control group has been suggested to be a 
protective neuromuscular strategy adopted to prevent the lumbar spine from large 
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deflections (Mokhtarinia et al. 2016). Adopting a more in-phase motion in older versus 
younger participants of our study may similarly be a neuromuscular strategy for better 
protection of the lumbar spine by avoiding large strains (Seay et al. 2011, Mokhtarinia et 
al. 2016).  
 Variability of lumbopelvic rhythm, as reflected in our measure of DP, was smaller 
in the older versus younger age groups. Higher stiffness of lower back in older versus 
younger individuals, as we have recently reported for the same cohort of participants 
(Shojaei et al. 2016a), could be in part the reason for such age-related differences in 
variability of lumbopelvic rhythm during bending and return motion. Differences in 
neuromuscular control of trunk motion (McGill et al. 1999, Quirk and Hubley-Kozey 2014) 
may also have a role in age-related differences in variability of lumbopelvic rhythm. 
 Although lumbar contribution to the trunk motion was reported to be significantly 
smaller in the females versus males in the same sample of participants (Vazirian et al. 
2017a), the results of this study showed that there was no gender-related difference in the 
MARP and DP.  Furthermore, fast versus slow motion paces were reported to be associated 
with a smaller lumbar contribution to trunk motion (Vazirian et al. 2017a). The MARP and 
DP were similarly found here to be smaller under the fast versus slow motion. These 
findings are potentially related to the added mechanical demand on the lower back while 
performing fast versus slow trunk motions. The inertial load on the spine increases with an 
increase in the pace of trunk motion. In an earlier modeling study of spine (Bazrgari et al. 
2008), we reported up to two times larger spinal loads under fast versus slow paces of trunk 
motion, primarily as a result of the required large muscle forces to offset the increase in 
mechanical demand of the task. Thus, the more in-phase lumbopelvic rhythm during 
bending, and also, the less variable lumbopelvic rhythm during the bending and return in 
the fast versus slow motion may as well be explained as a protective neuromuscular 
strategy to avoid tissue injury. Increase in mechanical demand of the task due to inclusion 
of external load has similarly been reported to result in a more in-phase lumbopelvic 
rhythm (Nelson et al. 1995, Hu and Ning 2015b). 
 On the basis of existing evidence, related to the timing aspect of lumbopelvic 
rhythm during trunk bending and return, particularly the differences between individuals 
with and without LBP, as well as the effects of external load, it was speculated that one 
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possible scenario for a more in-phase lumbopelvic rhythm is an attempt to avoid excessive 
stress and strain in the lower back tissues. However, it is necessary to conduct additional 
investigation using modeling studies to further support the relationship between the relative 
phase and spinal loads. Moreover, the method used in this study for calculation of CRP 
was one of several methods used in the literature (Burgess-Limerick et al. 1993, van 
Emmerik and Wagenaar 1996). The adopted method in the present study eliminates the 
frequency artifacts and provides the relative phase with the highest accuracy, as suggested 
by Lamb and Stöckl (Lamb and Stockl 2014). However, the wavelet coherence methods 
can provide further insight into the dynamics of the lumbopelvic rhythm by investigating 
the time-frequency dependency of the relative phase (Ihlen 2014). 
 In summary, from the timing perspective, the lumbopelvic rhythm under trunk 
forward bending and backward return, was significantly different between the older and 
younger age groups  while there was no difference between the males and females. 
Measurement of the lumbopelvic rhythm is often performed in clinic to diagnose potential 
abnormalities in patients’ neuromuscular behavior as well as to monitor treatment progress. 
Therefore, availability of information related to differences in the normal lumbopelvic 
rhythm due to personal (e.g., age and gender) and task characteristics (e.g., motion pace, 
presence of external load) can further enhance the effectiveness of such clinical tool for 
management of LBP.  
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Chapter 4. Lumbopelvic Kinematics in the Primary and Secondary Planes of 
Motion during Lateral Bending and Axial Twist: Age-related Differences 
 This chapter reproduced from a submitted manuscript, Vazirian, M., I. Shojaei and 
B. Bazrgari (2017). "Lumbopelvic Kinematics in the Primary and Secondary Planes of 
Motion during Lateral Bending and Axial Twist: Age-related Differences." Manuscript 
submitted for publication. 
 
4.1. Introduction 
 Low back pain (LBP) is a significant disorder with negative impacts on people’s 
quality of life and economy (Frymoyer et al. 1983, Deyo and Weinstein 2001, Deyo et al. 
2006, Buchbinder et al. 2013, Hoy et al. 2014). It has been suggested that abnormal 
biomechanics of the lower back, which may result from large muscle forces in response to 
equilibrium requirements of the lumbar spine and/or large tissue deformations due to 
instability of lumbar spine, play an important causal role in development of LBP (Adams 
et al. 2006). The biomechanics of lower back changes with age (Buckwalter 1995, Adams 
et al. 1996, Iida et al. 2002, Shao et al. 2002, Galbusera et al. 2014), and therefore, affects 
the equilibrium and stability of lumbar spine, and the risk of LBP. With increase in the 
population of older workers (Toossi 2012), effective management of LBP requires a better 
understanding of the relationship between the aging and changes in the biomechanics of 
lower back. 
 Recently, we have conducted an exploratory project to investigate the age-related 
differences in the biomechanics of lower back. Such differences were evaluated by 
studying the lumbopelvic kinematics under simple functional tasks, as well as the lower 
back responses to sudden perturbation and passive stress relaxation tests (Shojaei et al. 
2016b, Vazirian et al. 2016a). The lumbopelvic coordination during trunk forward bending 
and backward return was found to be more in-phase and less variable, and involved smaller 
lumbar contribution in the older versus younger age groups (Vazirian et al. 2017b). The 
intrinsic and reflexive responses of lower back to sudden perturbations were not found to 
be different between the age groups (Shojaei et al. 2016c, Vazirian et al. 2016a), whereas 
its response to passive stress-relaxation tests was found to be larger in the older versus 
younger age groups (Shojaei et al. 2016b). We also studied the age-related differences in 
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mechanical demand of manual material handling tasks in the sagittal plane on the lower 
back, wherein the shearing component of demand on the lower back was found to be larger 
in the older versus younger age groups (Shojaei et al. 2016d). All of these studies were 
concerned about the lower back biomechanics under functional tasks and tests in the 
sagittal plane. As a continuation to these studies, here we present our findings on age-
related differences in lumbopelvic kinematics during lateral bending and axial twist. In 
contrast to the forward bending, the lateral bending and axial twist of trunk are not only 
associated with pelvic motion and lumbar deformation in the primary anatomical plane of 
trunk motion (i.e., primary kinematics), but also in the other two secondary anatomical 
planes of trunk motion (i.e., coupled kinematics). The coupled lumbopelvic kinematics in 
the secondary planes make the trunk motion more asymmetric, which increases the spinal 
loads (Kim and Zhang 2016)and risk of LBP. Therefore, the objective of this study was set 
to investigate the age-related differences in the magnitude aspects of lumbopelvic 
kinematics, both in the primary and secondary planes of trunk motion during lateral 
bending and axial twist. In the study of lumbopelvic kinematics in the sagittal plane, we 
observed a smaller lumbar range of flexion and a larger pelvic range of motion (ROM) in 
older versus younger age groups and in the females versus the males (Vazirian et al. 2017a). 
Therefore, it was hypothesized that the same age and gender-related differences maintain 
in the lumbopelvic kinematics in the primary plane of trunk motion during lateral bending 
and axial twist. Investigating the age and gender-related differences in the lumbopelvic 
kinematics in the secondary planes of trunk motions (i.e., coupled motions) were left to be 
the exploratory objective of this study.  
 
4.2. Methods 
4.2.1. Study Design and Participants 
A cross-sectional study was designed wherein 71 individuals were recruited in five age 
groups between 20 and 70 years with size and gender distribution indicated in Table 4-1. 
The age range of each group represented a decade of an individual’s working life minus 
two years from each end of the decade to increase the chance of identifying any potential 
differences in our outcome measures (i.e., by excluding individuals with ages near the 
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border of a decade, as in Table 4-1). A consenting procedure, approved by the Institutional 
Review Board of the University of Kentucky, was completed by all the research 
participants before screening for the following exclusion criteria: 1) LBP in the past year, 
2) previous surgery or any musculoskeletal abnormality in the trunk, 3) history of work in 
physically demanding occupations (e.g., occupations involving frequent lifting, twisting, 
bending, driving), and 4) body mass index (BMI) <20 or >30. No significant differences 
in stature (p = 0.932) or body mass (p = 0.196) existed between the age groups, as indicated 
by univariate analysis of variance (ANOVA). 
 
Table 4-1: Mean (SD) characteristics of participants.  
Age range (years) 22-28 32-38 42-48 52-58 62-68 
Number and Gender 11 M , 8 F 7 M , 7 F 6 M , 6 F 6 M , 7 F 6 M , 7 F 
Stature (cm) 172.1 (7.7) 170.2 (6.2) 173.3 (8.7) 171.5 (11.7) 171.1 (10.4) 
Body mass (kg) 69.7 (10.2) 73.0 (12.9) 79.4 (14.5) 78.7 (11.9) 72.1 (16.1) 
 M: Male, F: Female. 
 
 
Figure 4-1: A participant with motion trackers mounted on the spine at T10 and S1 levels 
in A) upright standing posture, B) lateral bending, and C) axial twist. 
 
4.2.2. Testing Procedure 
 Two magnetic inertial motion trackers (MT) (Xsens MTw, Xsens Technologies, 
Enschede, Netherlands) were strapped around the thorax at the T10 spinal level, and pelvis 
of each participant according to earlier studies (Bazrgari et al. 2011, Hendershot et al. 2011) 
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(Figure 4-1). During the tests, three-dimensional kinematics of the MTs were recorded 
using a computer software at the sampling rate of 50 Hz. A Kalman filter was applied by 
the software to minimize any potential effect of noise on the data (Xsens 2012).   
 Each participant took part in two sessions of data collection that were 48 hours apart 
and taken place in the morning to reduce the chance of any confounding effect from the 
diurnal and occupational changes in the biomechanics of lower back. In order to minimize 
the measurement variance due to variations in placement of the MTs, their height from the 
lab floor were recorded while standing in the standard anatomical position in the first 
session, and were then used for placement of the sensors during the second session.  
 During each session, the participants completed two lateral bending and two axial 
twist tests. For both tests, they started from the neutral standing posture, bent /rotated to 
the left as much as possible without feeling any discomfort, returned to the neutral standing 
posture, and repeated the same task for the right direction. These tests were performed at 
the participants’ preferred pace with one minute of rest between them. During the lateral 
bending test, the participant arms were in the extended position, whereas during axial twist, 
they hold a semi-abducted shoulder posture with bent elbow to facilitate the twisting 
(Figure 4-1).  
4.2.3. Data Analysis 
 Rotations of thorax and pelvis, as rigid bodies, were obtained from MTs attached 
on them. Rotation of each MT was recorded in a rotation matrix format during each test. 
For every time increment, each rotation matrix was converted to the axis-angle rotation 
vector format. The projections of these vectors on the three anatomical planes were 
considered as the incremental rotations of the underlying segment around the normal 
vectors to those planes. Finally, the rotation of each segment in a given plane of motion at 
any time was defined as the sum of incremental rotations around the normal vector of that 
plane from the beginning to that time.  
 The lumbar deformation (flexion, lateral bending, and axial twist) was calculated 
as the difference between the conjugate thoracic and pelvic rotations (Figure 4-2). For each 
direction of motion (i.e., left and right) of each test, three measures for each of the lumbar 
deformation and pelvic rotation were extracted for subsequent statistical analyses: The  
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2.1  
Figure 4-2: The thoracic (solid line) and pelvic (dashed line) rotation curves during a 
lateral bending (left column), and an axial twist (right column) test, in the sagittal (1st 
row), frontal (2nd row) and transverse (3rd row) planes. 
 
ROM5 in the primary plane of motion, and the coupled motion ratio (CMR) in the two 
secondary planes of motion. The ROM was calculated as the peak value of 
rotation/deformation around the normal vector of the primary plane of motion. The CMR 
in each secondary plane of motion was calculated as the ratio of the peak value of 
5 For simplicity, the range of deformation for the lumbar spine is also denoted by ROM throughput this 
paper. 
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rotation/deformation around the normal vector of that plane of motion to ROM in the 
primary plane of motion. 
4.2.4. Statistical Analysis 
 The dependent variables included the ROMs and CMRs of the lumbar deformation 
and pelvic rotation whereas the independent variables were the age group and gender. A 2-
way analysis of variance (ANOVA) was conducted in SPSS (IBM SPSS Statistics 22, 
Armonk, NY, USA) for each dependent variable and direction of motion, and the 
significant age/gender effects were followed by a Tukey test as a post hoc analysis on the 
age/gender groups. A minimum p value of 0.05 was set to accept the significance.  
 
4.3. Results 
 Checking for the validity of AVOVA assumptions revealed existence of a few 
outliers in the results that were eliminated to improve the reliability and validity of our 
ANOVA results. The summary of statistical results for the all outcome measures are 
presented in Table 4-2. The mean (SD) values of all outcome measures for different age 
groups and genders are presented in Table 4-3.  
4.3.1. Interaction effects 
 There were no significant interaction effect between age and gender in the results. 
4.3.2. Main effects of age  
 The lumbar CMR in the transverse plane during lateral bending to the left was 
larger in the age groups 52-58 and 62-68 than the age group 32-38. In addition, the pelvic 
CMR in the sagittal plane during axial twist was larger in the age group 52-58 than the age 
group 22-28. There were no other age-related differences in the results (Table 4-3). 
4.3.3. Main effects of gender  
 The ROMs of pelvis during lateral bending both to the left and to the right directions 
were larger in the male than female participants. The lumbar CMR in the sagittal plane 
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during lateral bending to the left also was larger in the males than females. There were no 
other gender-related differences in the results (Table 4-3).  
 
Table 4-2: Summary of statistical results for the outcome measures. 
   Lumbar Pelvis 
   Left Right Left Right 
   F p F p F p F p 
L
ateral B
ending 
ROM 
A 0.466 0.760 1.942 0.117 1.879 0.127 1.801 0.142 
G 1.187 0.281 1.255 0.267 5.454 0.023 4.248 0.044 
A*G 0.480 0.750 0.527 0.716 0.814 0.522 0.369 0.829 
CMR-S 
A 0.101 0.982 1.442 0.233 0.509 0.730 0.443 0.777 
G 6.623 0.013 2.105 0.153 1.330 0.254 0.581 0.449 
A*G 1.456 0.228 1.676 0.169 0.895 0.473 0.857 0.496 
CMR-T 
A 4.642 0.003 0.709 0.589 0.640 0.636 1.064 0.383 
G 0.024 0.879 0.641 0.427 0.964 0.331 <0.001 0.996 
A*G 0.252 0.907 0.852 0.498 0.367 0.831 0.449 0.772 
A
xial T
w
ist 
ROM 
A 1.916 0.121 1.195 0.323 0.822 0.517 1.332 0.270 
G 0.503 0.481 1.009 0.320 0.013 0.909 0.147 0.703 
A*G 0.609 0.658 0.769 0.550 1.580 0.193 0.670 0.616 
CMR-S 
A 0.810 0.524 0.250 0.908 1.479 0.221 2.754 0.037 
G 1.067 0.306 0.455 0.503 1.243 0.270 0.006 0.938 
A*G 0.174 0.951 0.501 0.735 0.624 0.647 0.800 0.531 
CMR-F 
A 0.802 0.529 0.898 0.471 1.282 0.288 2.840 0.033 
G 2.550 0.116 1.062 0.307 1.408 0.241 0.167 0.684 
A*G 0.907 0.466 1.084 0.374 0.204 0.935 0.272 0.895 
ROM: range of motion, CMR: Coupled motion ratio, CMR-S: CMR in the sagittal plane, CMR-T: CMR in 
the transverse plane, CMR-F: CMR in the frontal plane, A: age, G: gender. The significant results are 
denoted by bold font. 
 
4.4. Discussion 
 Age-related differences in lumbo-pelvic kinematics during trunk lateral bending 
and axial twist to the left and to the right directions were investigated between five age 
groups spanning from 20 to 70 years old. No difference was found between the age groups 
in ROMs, therefore our hypothesis on larger lumbar and smaller pelvic ROMs in the older 
versus younger age groups was not confirmed. Moreover, the pelvic ROM was 
significantly larger in the male than female participants during lateral bending, which 
refuted the hypothesis on smaller pelvic ROM in the males versus the females. Finally, 
wherever age and gender-related differences in CMRs were found, they were larger in the 
older versus younger age groups, and in the males versus females.  
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Table 4-3: Mean (SD) of the outcome measures. 
  Lumbar Pelvis 
  Left Right Left Right 
Lateral Bending 
ROM 
A 
22-28 25.6 (5.8) 24.6 (5.4) 5.3 (2.8) 6.7 (3.2) 
32-38 24.7 (4.3) 25.6 (4.8) 5.8 (2.9) 6.1 (3.4) 
42-48 27.3 (3.7) 25.3 (4.3) 6.1 (3.2) 7.2 (4.4) 
52-58 25.9 (5.1) 23.9 (4.2) 8.2 (3.6) 9.3 (4.2) 
62-68 24.6 (6.7) 20.9 (4.1) 6.5 (3.3) 9.2 (5.8) 
G 
M 25.0 (5.5) 23.7 (5.0)   7.1 (3.5) 8.6 (4.1) 
F 26.1 (5.0) 24.4 (4.7) 5.6 (2.8) 6.8 (4.3) 
CMR-S 
A 
22-28 0.38 (0.16) 0.46 (0.19) 0.79 (0.46) 0.41 (0.20) 
32-38 0.36 (0.20) 0.40 (0.17) 0.68 (0.70) 0.59 (0.46) 
42-48 0.37 (0.22) 0.52 (0.25) 0.61 (0.45) 0.57 (0.52) 
52-58 0.37 (0.18) 0.48 (0.28) 0.76 (0.63) 0.50 (0.47) 
62-68 0.40 (0.16) 0.58 (0.25) 0.93 (0.77) 0.53 (0.49) 
G 
M 0.42 (0.19) 0.51 (0.26) 0.66 (0.63) 0.47 (0.39) 
F 0.33 (0.15) 0.45 (0.19) 0.87 (0.55) 0.54 (0.44) 
CMR-T 
A 
22-28 0.16 (0.06)a,b 0.22 (0.11) 1.37 (0.57) 1.06 (0.47) 
32-38 0.12 (0.05)b 0.19 (0.10) 0.94 (0.44) 0.90 (0.49) 
42-48 0.15 (0.03)a,b 0.19 (0.07) 1.15 (0.91) 1.21 (0.94) 
52-58 0.21 (0.06)a 0.21 (0.09) 1.27 (1.04) 1.21 (0.96) 
62-68 0.23 (0.11)a 0.25 (0.08) 1.37 (0.81) 0.74 (0.25) 
G 
M 0.17 (0.07) 0.22 (0.09) 1.16 (0.62) 1.04 (0.71) 
F 0.18 (0.08) 0.20 (0.10) 1.32 (0.87) 1.00 (0.61) 
Axial Tw
ist 
ROM 
A 
22-28 17.1 (4.2) 16.1 (4.4) 51.0 (13.1)   45.7 (10.5) 
32-38 19.8 (5.5) 19.1 (4.6) 47.4 (9.0)    43.5 (6.7)  
42-48 19.0 (2.9)   16.4 (4.0)   44.7 (11.9) 39.4 (10.4) 
52-58 21.5 (4.0)   18.1 (2.4) 48.6 (13)   43.9 (8.6)  
62-68 20.7 (6.6) 17.4 (5.9) 51.3 (10.4) 47.3 (8.3)  
G 
M 19.0 (4.7)   17.9 (4.8) 48.9 (10.9) 44.4 (8.6)  
F 19.8 (5.3) 16.5 (4.1) 49.0 (12.6)   43.9 (10.2) 
CMR-S 
A 
22-28 0.48 (0.26) 0.44 (0.34) 0.15 (0.05) 0.08 (0.02)b 
32-38 0.41 (0.28) 0.38 (0.17) 0.13 (0.05) 0.10 (0.05)a,b 
42-48 0.32 (0.12) 0.37 (0.13) 0.14 (0.05) 0.10 (0.04)a,b 
52-58 0.36 (0.23) 0.37 (0.17) 0.15 (0.07) 0.14 (0.06)a 
62-68 0.46 (0.41) 0.37 (0.16) 0.18 (0.07) 0.12 (0.06)a,b 
G 
M 0.38 (0.21) 0.38 (0.26) 0.16 (0.06) 0.10 (0.04) 
F 0.45 (0.33) 0.41 (0.17) 0.15 (0.06) 0.11 (0.06) 
CMR-F 
A 
22-28 0.32 (0.19) 0.34 (0.16) 0.05 (0.02) 0.06 (0.03)a 
32-38 0.46 (0.42) 0.47 (0.27) 0.07 (0.04) 0.07 (0.03)a 
42-48 0.46 (0.48) 0.43 (0.37) 0.05 (0.02) 0.06 (0.03)a 
52-58 0.27 (0.14) 0.32 (0.16) 0.05 (0.03) 0.09 (0.04)a 
62-68 0.34 (0.20) 0.31 (0.14) 0.07 (0.05) 0.10 (0.06)a 
G 
M 0.42 (0.37) 0.40 (0.26) 0.06 (0.04) 0.08 (0.05) 
F 0.30 (0.19) 0.33 (0.20) 0.05 (0.03) 0.07 (0.04) 
ROM: range of motion, CMR: Coupled motion ratio, CMR-S: CMR in the sagittal plane, CMR-T: CMR in 
the transverse plane, CMR-F: CMR in the frontal plane, A: age, G: gender.  
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 While we did not find any age-related differences in the lumbar ROM during lateral 
bending, earlier studies had reported a decreasing trend in the lumbar ROM with age 
(Fitzgerald et al. 1983, Einkauf et al. 1987, Russell et al. 1993, Dvorak et al. 1995, Van 
Herp et al. 2000). There is, however, considerable variation in the reported values of 
lumbar ROM for different age and gender groups. For example, the reported mean values 
for the lumbar ROM during lateral bending to the left (right) in 20-30 year old men vary 
from 18 (17) to 35.9 (36.2) degrees (Fitzgerald et al. 1983, Pearcy 1985, Russell et al. 1993, 
Dvorak et al. 1995, McGregor et al. 1995). Such a variation may be due to differences in 
the study population, how bending and twisting were performed (e.g., whether the 
participants had to bend or twist as far as they could (Pearcy 1985, Vachalathiti et al. 1995), 
or to a comfortable limit), measuring system (e.g., X-ray (Pearcy 1985), goniometry 
(Einkauf et al. 1987), 3D Space tracking system (Russell et al. 1993) or CA-6000 spinal 
motion analyzer (McGregor et al. 1995)), and landmarks used to find the kinematics of 
lumbar spine (e.g., from the L1 to sacrum (Russell et al. 1993), from the T12 to sacrum 
(McGill et al. 1999) or the rotation of the C7 (Einkauf et al. 1987)). However, our findings 
on lateral bending to left and right (25.6 (5.8) and 24.6 (5.4) respectively) were within the 
variation range of the earlier studies. Lack of age-related differences in the lumbar ROM 
during the twist in our study were in agreement with most of the previous studies (Russell 
et al. 1993, Vachalathiti et al. 1995, McGill et al. 1999, Troke et al. 2001), although some 
of the previous studies have found a decreasing trend with age (McGregor et al. 1995, Van 
Herp et al. 2000).  
 Our results indicated an increasing trend with age in the lumbar CMR in the 
transverse plane during lateral bending to left. Such a coupling in the lumbar deformation 
likely results from an interaction between the active tissue behavior of the surrounding 
muscles, and the passive behavior of the lower back tissues including the ligamentous 
lumbar spine. Specifically, several in vitro studies on cadaveric specimens have shown that 
the ligamentous lumbar spine undergoes a coupled motion in the transverse plane even 
under pure lateral bending moment (Panjabi et al. 1989, Oxland et al. 1992, Barnes et al. 
2009). The natural degeneration of ligamentous lumbar spine with age, including damage 
to the facet joints, and loss of the intervertebral fluid (Podichetty 2007) might be 
responsible for the change in the coupled axial rotation. Previous studies have suggested 
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that facets have a restricting role for the relative axial rotation of the lumbar segments as 
Oxland (Oxland et al. 1992) reported that removing the facets from a cadaveric lumbar 
spine under pure lateral bending moment significantly increased the CMR in transverse 
plane of the L5-S1 joint. This result was further supported by finite element modeling 
studies of Shirazi-Adl (Shirazi-Adl 1994) that showed removal of facet joint of the L4-L5 
motion segment resulted in a substantial increase in axial rotation in that level while the 
lumbar spine was under torsion. Shirazi-Adl’s simulations further demonstrated that a loss 
in the disc fluid in the L4-L5 motion segment resulted in a larger contact force in the facet 
joint at that level (Shirazi-Adl 1994), hence affecting its role in coupling motion of the 
ligamentous lumbar spine. Thus, the observed increase of the lumbar CMR in the older 
versus younger participants in the present study might in part be due to the age-related 
degeneration in the lumbar spine. However, the role of active behavior of muscles in such 
age-related differences in CMRs remains unclear.  
 To our best knowledge, there is no report regarding the age-related differences in 
the pelvic ROMs, and CMRs during either trunk lateral bending or twist. Applying a pure 
twisting moment on the lumbar spine has been shown to cause a coupled motion in the 
sagittal plane (Panjabi et al. 1989). This implies that a coupled bending moment in the 
sagittal plane propagates downward in the lumbar spine when it is under axial twist. 
Consistently, we observed coupled motion of pelvis in the sagittal plane during the axial 
twist. Additionally, the observed age-related difference in CMR during the axial twist to 
right, wherein CMR was larger in older versus younger participants, might similarly be due 
to age-related differences in the passive and active aspects of lower back biomechanics.  
 The pelvic and lumbar ROM during trunk lateral bending and axial twist were not 
different between the genders, as in agreement with earlier reports (Dvorak et al. 1995, 
Vachalathiti et al. 1995), except for the pelvic ROM during trunk lateral bending which 
was larger in the males than females. The potential role of gender-related differences in the 
active and passive aspects of lower back biomechanics in such gender-related differences 
in pelvic ROM during lateral bending motions as well as lumbar CMR in the sagittal plane 
during lateral bending to the left also remains unclear. 
 There are several limitations associated with this study that should be considered 
when interpreting the results. First, the tasks were performed with a self-selected pace. 
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Thus, the effect of task pace was not investigated here while it had been suggested to affect 
the lower back mechanics. In addition, the volunteers who had suffered from LBP earlier 
than one year prior to participation were not excluded from the study, leaving a chance for 
any potential persistent LBP-related alteration in the neuromuscular behavior to influence 
the study results. Moreover, although we had determined our sample size by priori power 
analysis using data from pilot studies, power analysis of study findings revealed that this 
study lacked enough power (below 0.8) for most of the outcome measures. Consequently, 
it is possible that this study have failed to detect some existing significant effects. In our 
earlier studies of the lower back kinematics in the sagittal plane, we were able to delineate 
the relative role of active and passive contributions of lower back tissues in our kinematics-
based findings using results from sudden perturbation and passive stress-relaxation tests 
that were also conducted in the sagittal plane. Therefore, such additional tests may help 
better understanding the underlying causes of our current observations of age-related 
differences in the lower back kinematics during trunk lateral bending and axial twist 
motion.  
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Chapter 5. Conclusion and Future Work 
 
5.1. Conclusion 
 In regard to the adverse effects of LBP on the social health and economy, and the 
higher prevalence of this disease in the older people, the potential relationship between 
aging and LBP as related to the biomechanics of spine was studied in this project. Although 
it had been previously shown that the spinal tissues undergo degeneration and impairments 
with aging, no study had yet established a causal relationship between aging and LBP (i.e., 
aging results in experiencing excessive mechanical loading on the spinal tissues). Since the 
measurement or evaluation of mechanical loads in the spine was impractical, as an 
alternative in this exploratory project, the age-related differences in selected lumbopelvic 
kinematic measures during trunk motion in the sagittal, frontal and transverse planes were 
investigated. This was the first time that a cross-sectional study researched the effect of 
aging on the LPR and the coupling of lumbar spine and pelvis during trunk motion. Also, 
the tests included all different directions of trunk motion in the anatomical planes, to 
identify any possible difference in the trunk motion between the studied age groups. 
Moreover, the cross-sectional nature of the studies allowed to find the potential specific 
age ranges where the significant changes in the kinematic measures occurred.  
 The kinematic measures used for such investigation had been selected based on a 
comprehensive review on the lumbopelvic rhythm for the sagittal plane. The premise 
behind using such kinematic measures is that any alteration in them would indicate a 
change in the synergy between the passive and active tissue contribution to offset the task 
demand while moving the trunk, which in turn would result in a different distribution of 
mechanical loading in the low back tissues. Specifically, the observed smaller lumbar 
contribution in the older versus younger age groups during forward bending and backward 
return could indicate a smaller passive tissue contribution, and thus, a larger active muscle 
contribution, resulting in larger compression and shear force on the lumbar spine. However, 
a future research considering the age-related changes in the passive mechanical properties 
of the lumbar tissues, and the contribution of tension in the spinal ligaments is necessary 
to further investigate the age-related differences on the spinal load. From the timing 
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perspective, the older versus younger age groups had a more in-phase LPR during forward 
bending and backward return, which may be due to a protective strategy adopted by the 
nervous system to prevent large loads on the spine. However, the relationship between the 
lumbar spine-pelvis relative phase and spinal loads needs to be further supported in the 
future. Also, a less variable LPR was observed in the older versus younger age groups for 
the same tasks, which may be due the stiffer lower back of the older age groups or due to 
a difference in neuromuscular control. In addition, in lateral bending to left, a larger 
coupling for the lumbar flexion in the transverse plane was found in the older versus 
younger individuals which may be due to the degeneration in the tissues, while the role of 
active muscle tissues needs to be investigated later. Furthermore, in axial twist to right, a 
larger coupling for the pelvic rotation in the sagittal plane was observed in the older versus 
younger age groups which may be due to the age-related differences in either the passive 
or active aspects of the lower back biomechanics.  
 It can be concluded in summary that obvious effects of aging exist in the kinematics 
of trunk motion, especially after around the age of 50 years. Thus, there are differences in 
the passive and active tissue synergy, as well as the neuromuscular control patterns 
between the older and younger age groups. However, the question whether the older versus 
younger people are at a higher risk of LBP cannot be answered solely by relying on the 
kinematic measures, and further information concerning the age-related differences in the 
passive mechanical properties of lumbar tissues should be acquired. 
 
5.2. Future Work 
 The current study may serve as a basis for further investigation in future to find a 
better picture of age-related difference in the biomechanics of lumbar spine. Considering 
the complexity and multifactor nature of the spine biomechanics, more studies are 
necessary with regard to that purpose. The mechanical load distribution in the lower back 
is the result of interaction between the neural subsystem, active tissues subsystem and 
passive tissues subsystem. Therefore, we will need to understand how each of these 
subsystems is affected by aging to be able to understand how the biomechanics of lumbar 
spine changes with aging.  
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 Once the age-related differences in the passive mechanical properties of the lumbar 
spine tissues are specified, finite-element modelling of lumbar spine and surrounding 
tissues may serve as a useful approach to investigate the age-related changes in the spine 
biomechanics. Such an analysis will evaluate the passive tissue contribution to offset the 
task demand under any task condition by using the kinematics of motion at each spinal 
segment, and thus, the deflection of the tissues. Subsequently, the active tissue contribution 
and the muscle forces will be evaluated which will be used to find the compression and 
shear forces on every spinal segment.  
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Appendix A. Lumbopelvic Rhythm during Trunk Motion in the Sagittal Plane:  A 
Review of the Kinematic Measurement Methods and Characterization 
Approaches 
 This chapter reproduced from a published manuscript, Vazirian, M., L. R. Van 
Dillen and B. Bazrgari (2016). "Lumbopelvic rhythm during trunk motion in the sagittal 
plane: A review of the kinematic measurement methods and characterization approaches." 
Physical Therapy and Rehabilitation 3: 1-9. 
 
A.1. Introduction 
 Trunk motion in the sagittal plane results from the motions of the lumbar spine and 
pelvis6. The magnitude and timing of such lumbar and pelvic contributions to trunk motion 
have been investigated extensively for different purposes in the rehabilitation and 
ergonomic literature under the label of lumbopelvic rhythm (LPR). In general, the timing 
aspect of LPR has been investigated to obtain insights into the neuromuscular control of 
trunk motion, and the magnitude aspect of LPR has been investigated to understand the 
load partitioning within the lower back tissues. Measurement methods and approaches used 
to characterize timing and magnitude aspects of LPR vary across studies. Efficient 
integration of earlier research findings related to LPR and choosing the most appropriate 
characterization approaches for LPR has become a challenging task. To overcome such a 
challenge, we have summarized the methods used to characterize LPR. This includes a 
summary of methods used for the collection of kinematic data, as well as a summary of the 
approaches used to characterize the timing and magnitude aspects of LPR. Finally, we 
apply various LPR characterization approaches from all categories used in prior research 
based on our summary, to the kinematic data collected from a research participant in a 
single trial of trunk motion. The purpose of the application is to demonstrate similarities 
and differences when LPR is characterized using the different approaches.  
 
6 The lumbar spine and pelvis are assumed as respectively a multisegment joint and a rigid body. Thus, the 
former is considered to contribute to the trunk motion by flexion and extension, while the latter by rotation. 
For simplicity, the lumbar flexion and extension, and pelvic forward and backward rotation will come as 
respectively the lumbar and pelvic motion hereafter. 
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A.2. Methods 
 Literature review. PUBMED and CINAHL databases were searched for studies 
including the following keywords in the title or abstract: “lumbopelvic rhythm”, “lumbo-
pelvic rhythm” “lumbar-pelvic rhythm”, “spino-pelvic rhythm”, “lumbopelvic 
coordination”, “lumbo-pelvic coordination”, “lumbar-pelvic coordination”, and “spino-
pelvic coordination”. A total of 42 studies were identified. The studies were further 
screened for inclusion of in-vivo measurements in human participants, and reporting LPR 
during trunk motion in the sagittal plane. In addition, references of each identified study 
were also investigated to identify any study that was missed in the database search, adding 
12 more studies to the collection. Twenty seven studies (Table A-1) met all our criteria, 
and thus were included in the review. Methods and approaches used to characterize LPR, 
specifically kinematic measurement methods, as well as approaches used to characterize 
both the timing and the magnitude aspects of LPR were summarized.   
 Kinematic data used for comparison of approaches. Following the literature 
review, a set of kinematic data was selected from an existing database in our lab that had 
been obtained from sixty asymptomatic individuals between 20 and 70 years old. The 
kinematic data included thoracic and pelvic motions in the sagittal plane and were collected 
during a trunk forward bending and backward return. Participants were instructed to bend 
forward from an upright position “as fast as possible”. The goal was to reach their 
maximum comfortable bent posture without any abdominal muscle effort at the end, and 
then return to the initial upright position. They were instructed to repeat the above motion 
three times while the thoracic (at T10) and pelvic motions were measured using two 
magnetic inertial motion trackers (Xsens Technologies, Enschede, Netherlands). Motions 
of the thorax and pelvis in the sagittal plane were calculated using assumed standing as the 
reference posture. Lumbar motion was calculated as the difference between the thoracic 
and pelvic motions. We used the set of kinematic data from the participant with the 
maximum thoracic motion that was the median of the entire sample for comparison. We 
examined the timing and the magnitude aspects of LPR based on the approaches in the 
current review. 
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Table A-1: List of the reviewed studies.  
Article Instruments Pelvic motion Lumbar motion Characterization approaches for LPR 
Paquet et al., 1994 Electrogoniometer (JS*) hip flexion (L)  
Change of the angle 
between T8 and S1 
Timing: Plot of hip vs. lumbar motion, normalized to 
their maximum 
Magnitude: Absolute displacement of the hip and 
lumbar spine 
Gracovetsky et al., 
1995 
Infrared light-emitting diodes 
(M) 
Rotation of the line 
normal to the plane made 
by markers on the iliac 
crests and sacrum (G) 
 
Rotation of the best fit line 
through the markers on 
the thoracolumbar spine 
Magnitude: Absolute displacement of the hip and 
lumbar spine 
Nelson et al., 1995 3-Space Tracker System (SS) Sacral rotation (G) 
Rotation of the best fit line 
passing through the whole 
thoracolumbar spine 
Timing: Plot of the lumbar and pelvis motion vs. 
gross trunk motion normalized to their maximum 
Esola et al., 1996 Opteoelectric motion analysis system (M) 
Rotation of S2 relative to 
the posterior midline of 
thigh (L) 
Rotation of T12-L1 
segment relative toS2 
Magnitude: Lumbar to hip motion ratio for intervals of 
0-30, 30-60 and 60-90 degrees & 
Lumbar to hip motion ratio for each 25% of total 
duration 
McClure et al., 1997 Opteoelectric motion analysis system (M) 
Rotation of S2 relative to 
the posterior midline of 
thigh (L) 
Rotation of T12-L1 
segment relative toS2 
Magnitude: Lumbar to hip motion ratio for each 25% 
of extension 
Porter & Wilkinson, 
1997 3-Space Tracker System (SS) 
Sacral rotation relative to 
the lateral femoral 
condyle (L) 
Rotation of T12 relative to 
the sacrum 
Magnitude: Contribution of the lumbar spine and hip 
to the movement at 15°, 30°, 60°, 90°, and 120° 
Tully & Stillman, 
1997 Videotape (M) 
Rotation of the line from 
mid-PSIS to ASIS relative 
to the line from 2/3 Th to 
LFC (L) 
Rotation of T10-T12 
segment relative to the 
line from mid-PSIS to 
ASIS 
Magnitude: Displacement curves of the hip and 
spine 
Granata & Sanford, 
2000 Electromagnetic sensors (SS) Rotation of S1 (G) 
Rotation of T12 relative to 
S1 
Timing: Lumbar vs. pelvic motion plot 
Magnitude: Lumbar to pelvic motion ratio for 
intervals of  0-30, 30-60 and 60-90 degrees 
Lariviere et al., 
2000 Video cameras (M) Sacral rotation (G) 
Rotation of the thoracic 
vertebrae relative to the 
sacrum 
Timing: Mean, standard deviation and maximum of 
the continuous relative phase 
Lee & Wong, 2002 3SPACE Fastrak (JS) 
Sacral rotation relative to 
the lateral aspect of the 
left and right thighs (L) 
Rotation of L1 relative to 
sacrum 
Timing: Time lag (maximum coss-correlation 
between the lumbar and pelvic velocity curves) 
Magnitude: Absolute displacement of the hip and 
lumbar spine 
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Wong & Lee, 2004 3SPACE Fastrak (JS) 
Sacral rotation relative to 
the posterior aspect of the 
left and right thighs (L) 
Rotation of L1 relative to 
sacrum 
Timing: Time lag (maximum coss-correlation 
between the lumbar and pelvic motion velocity 
curves) 
Magnitude: Absolute displacement of the hip and 
lumbar spine 
Pal et al., 2007 3-D Motion Analysis System (M) 
Rotation of the line from 
the mid of ASISs to the 
mid of PSISs relative to 
the line from 1/3 thigh to 
LFE (L) 
Rotation of the line 
between T11 and L1 
relative to Line between 
the two ASISs and PSISs 
Timing: Time of initiation of each and time to reach 
the peak velocity 
Magnitude: Absolute displacement of the hip and 
lumbar spine 
Thomas et al., 2007 Magnetic based kinematic system (SS) 
Sacral rotation relative to 
the right thigh (L) 
Rotation of T1 relative to 
sacrum 
Timing: Movement latencies for the initiation, peak 
and termination of motion 
Magnitude: Lumbar to hip motion ratios for the 
quartiles of movement 
Milosavljevic et al., 
2008 
3-D Motion Analysis System 
(M) 
Rotation of the line 
between the two ASISs 
and PSISs relative To the 
line from 1/3 thigh to LFE 
(L) 
Rotation of the line 
between T11 and L1 
relative to Line between 
the two ASISs and PSISs 
Timing: Time of initiation of each and time to reach 
the peak velocity 
van Wingerden et 
al., 2008 Video (M) 
Rotation of the line from 
sacrum to anterior 
superior iliac spine (G) 
Rotation of the line from 
L1 to 7cm above relative 
to the line from sacrum to 
anterior superior iliac 
spine 
Magnitude: Slopes coming from the regression 
between displacements of the spine and the total 
trunk displacement in the 1st and 3rd intervals 
Silfies et al., 2009 Electromagnetic tracking device (SS) 
Rotation of S2 relative to 
the lateral epicondyle (L) 
Rotation of L1 relative to 
S2 
Timing: Mean absolute relative phase (MARP) 
and deviation phase (DP) 
Kim et al. 2013 3-D Motion Capture System (M) 
Pelvic rotation  relative to 
the femur (L) 
Rotation of T12 relative to 
the pelvis 
Magnitude: Absolute displacement of the hip and 
lumbar spine & 
Lumbar to hip motion ratios for the quartiles of 
movement 
Hasebe et al., 2013 Video (M) Sacral rotation (G) Rotation of L5 relative to L1 
Magnitude: Lumbar to hip motion ratio for three 
intervals of forward bending 
Hu et al., 2014 Magnetic field based motion tracking system (SS) Rotation of S1 (G) 
Rotation of T12 relative to 
S1 
Timing: Continuous relative phase for each 25% of 
the trunk motion time 
Iwasaki et al., 2014 Electrogoniometers (JS) Sacral rotation Rotation of L5 relative to L1 
Timing: Plot of normalized lumbar and pelvic motion 
vs. the normalized trunk duration of motion 
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Lariviere et al., 
2014  
3D-motion system comprising 
inertial sensors (SS) Sacral rotation 
Rotation of the thoracic 
vertebrae relative to the 
sacrum 
Timing: Mean, standard deviation and maximum of 
the continuous relative phase 
Tafazzol et al., 2014 Inertial and magnetic sensors (SS) Rotation of S1 
Rotation of L1 relative to 
S1 
Timing: Normalized pelvic vs normalized lumbar 
motion 
Magnitude: Lumbar to pelvic motion ratio for each 
10% increment of the motion 
Phillips et al., 2015 Motion capture system (M) Not available Not available 
Magnitude: Lumbar to pelvic motion ratios for the 
quartiles of movement 
Hu & Ning, 2015 (A) 
3D, magnetic field based 
motion 
tracking system (SS) 
Rotation of S1 (G) Rotation of T12 relative to S1 
Timing: Normalized pelvic motion vs normalized 
lumbar motion 
Magnitude: Lumbar to pelvic motion ratio for each 
10% increment of the motion 
Hu & Ning, 2015 (B) 
3D, magnetic field based 
motion 
tracking system (SS) 
Rotation of S1 (G) Rotation of T12 relative to S1 
Timing: Continuous relative phase for each 25% of 
the trunk motion time 
Pries et al., 2015 Epionics SPINE system (JS) Sacral rotation (G) Change in the lumbar lordosis 
Magnitude: Lumbar to pelvic motion ratio for each 
point of the motion & 
Lumbar to pelvic motion ratio for the early, middle 
and late stages of motion, as well as the total motion 
Vazirian et al., 2017 Magnetic-inertial motion trackers (SS) Pelvic rotation (G) 
Rotation of T10 relative to 
pelvis 
Magnitude: Lumbar to thoracic motion ratio for four 
quarters of the motion 
 
• Summary of letter under each column is given in the footnote of the table. Instrument column: JS: joint sensor, SS: segment sensor, M: Marker. Pelvic 
motion column: L: local, G: global 
50 
 
A.3. Results 
A.3.1. Kinematic Measurements for Lumbopelvic Rhythm 
 In the studies reviewed, pelvic motion has been characterized as the relative motion 
of the pelvis with respect to either a local (i.e., thigh) or global (i.e., gravity direction) axis. 
While the global characterization of pelvic motion represents the contributions of all lower 
extremity joints to the trunk motion, the local version only represents the contribution of 
hip joint motion. Lumbar motion generally has been characterized as the relative motion 
of the thorax with respect to the pelvis in most of reviewed studies (Figure A-1).  
 
 
Figure A-1: The angles used for calculation of the lumbar and pelvic motion. 
The changes in angles L and P (or P’) with time are defined as the lumbar and pelvic 
motions respectively. (L: lumbar flexion, P: global characterization for pelvic angle, P’: 
local characterization for pelvic angle). 
  
 Depending on the instrument used for the measurements, joint motions were 
determined either directly using goniometers, or indirectly by measuring the motion of the 
segments that constitute the joints using reflective markers or motion sensors. 
Measurement of a segment motion using inertial or magnetic motion sensors requires 
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attachment of the sensor to one anatomical landmark on the segment. Motion of two or 
more anatomical landmarks should be tracked (i.e., making a line or a plane) when using 
markers. Anatomical landmarks that have been used to measure pelvic motion included L5 
(Lariviere et al. 2000, Hasebe et al. 2014, Iwasaki et al. 2014, Pries et al. 2015), S1 (Paquet 
et al. 1994, Granata and Sanford 2000, Hu et al. 2014, Tafazzol et al. 2014, Hu and Ning 
2015a, Hu and Ning 2015b, Pries et al. 2015, Vazirian et al. 2017a), S2 (Esola et al. 1996, 
McClure et al. 1997, Silfies et al. 2009) as well as a plane or line passing through multiple 
anatomical landmarks on the pelvis and sacrum, for example, a plane defined by markers 
on the anterior and posterior superior iliac spine (Gracovetsky et al. 1995, Nelson et al. 
1995, Tully and Stillman 1997, Lariviere et al. 2000, Pal et al. 2007, Milosavljevic et al. 
2008, van Wingerden et al. 2008). For thoracic motion (i.e., upper segment of lumbar joint) 
L1 (Esola et al. 1996, McClure et al. 1997, Lee and Wong 2002, Wong and Lee 2004, van 
Wingerden et al. 2008, Silfies et al. 2009, Hasebe et al. 2014, Iwasaki et al. 2014, Tafazzol 
et al. 2014, Pries et al. 2015), T12 (Esola et al. 1996, Porter and Wilkinson 1997, Tully and 
Stillman 1997, Granata and Sanford 2000, Lariviere et al. 2000, Kim et al. 2013, Hasebe 
et al. 2014, Hu et al. 2014, Hu and Ning 2015a, Hu and Ning 2015b, Pries et al. 2015), T11 
(Pal et al. 2007, Milosavljevic et al. 2008), T10 (Vazirian et al. 2017a), T8 (Paquet et al. 
1994), a vector created by markers between T12-L1 (Esola et al. 1996, McClure et al. 
1997), or a vector created by markers between T11-L1 (Pal et al. 2007, Milosavljevic et al. 
2008) were the anatomical landmarks used. The specific instrumentation and anatomical 
landmarks used in each study is listed in Table A-1. Other than goniometers for direct 
measurement of lumbar motion, Hasebe et al. (Hasebe et al. 2014) used a hand-held, 
computer-assisted electromechanical mouse device which is able to manually measure the 
spinal curvature by moving the mouse along the midline of the spine (Mannion et al. 2004). 
Pries et al. (Pries et al. 2015) also used the Epionics SPINE system which consists of two 
flexible sensor strips with strain gauge sensors along with two accelerometers to measure 
lumbar spinal shape and motion. The system also measures sacral orientation as a 
representation of pelvic orientation and motion in the sagittal plane.  
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A.3.2. Characterization Approaches for Lumbopelvic Rhythm 
 Lumbopelvic rhythm refers to the relative pattern of the lumbar and pelvic 
contributions to trunk motion in the sagittal plane. The aspects of motion of interest include 
timing, as well as magnitude-related characteristics. The characterization approaches used 
are mathematical procedures that qualitatively or quantitatively characterize both the 
timing and magnitude contributions. Similar to differences in the kinematic measurement 
methods there have been differences in the approaches used to characterize the timing and 
magnitude-related aspects of LPR (Table A-1). 
 Qualitative approaches for the timing of contribution. Qualitatively, timing of 
contribution has been characterized by plots of normalized lumbar or pelvic motion with 
respect to the other or their sum. Presence of near horizontal or near vertical segments in 
such a plot would represent respectively minimal or maximal contribution of either the 
lumbar spine or pelvis to the trunk motion during specific periods. For example, the steep 
slope of the curve representing the pelvic motion as compared to an almost horizontal curve 
representing lumbar extension at the start of “Up lift” reported by Nelson et al. (Nelson et 
al. 1995), suggests a trunk motion primarily started by pelvic motion (Figure A-2).  
 
 
Figure A-2: Qualitative characterization for the timing of contribution on the basis of 
comparison between slopes of curves representing the pelvic and lumbar motion.  
Adopted from (Paquet et al. 1994). 
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 Quantitative approaches for the timing of contribution. Three different approaches 
were identified for quantitative characterization of the timing of contribution. These 
approaches include the following methods: (1) critical points, (2) cross-correlation, and 3) 
relative phase.  In the critical points method, a time difference is calculated between 
different event times (e.g., onset, termination, maximum displacement, or maximum 
velocity) of lumbar and pelvic motion (Pal et al. 2007, Thomas and Gibson 2007). Using 
this approach, Thomas et al. (Thomas and Gibson 2007) compared the onset delays of the 
lumbar spine with respect to the pelvis in trunk forward bending and backward return. The 
onset delays were examined between reaching tasks to targets at low, middle, and high 
height levels, and were reported as percentages of the total motion time, as depicted in 
Figure A-3. 
 For the cross-correlation method, the lumbar and pelvic motion are cross-correlated 
by determining a time lag (phase) that is associated with the maximum correlation between 
the temporal variations of both lumbar and pelvic motion during the task (Lee and Wong 
2002, Wong and Lee 2004). The time lag is an indication of the amount of time that one 
signal, in this case the kinematics of the pelvis or lumbar spine, is ahead or behind the other 
signal. For example, Lee et al. (Lee and Wong 2002) observed that lumbar motion relative 
to the pelvic motion had a mean (SD) time lag of -0.01 (0.04) and 0.02 (0.06) seconds when 
pelvic motion was calculated locally relative to left and right thigh, respectively. The 
negative sign of time lag indicated that the lumbar spine was behind the pelvis and vice 
versa. 
 Finally, in the relative phase method, a phase plane is initially generated for the 
lumbar and pelvic motion using normalized velocity and displacement. The normalization 
procedure for the velocity is implemented by dividing the velocity of each instant to the 
maximum absolute velocity in the range. The displacement is normalized by setting the 
minimum and maximum values respectively to -1 and 1. The phase planes are in a closed 
loop form, and the phase angle for each data point is calculated as the angle of the line 
connecting the point to the center of the plot with respect to the horizontal (i.e., 
displacement) axis (Burgess-Limerick et al. 1993). The difference between the phase 
angles of lumbar and pelvic motion at each time instant is obtained from their phase planes, 
which results in a continuous relative phase curve. The relative phase is then calculated as 
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the average of such continuous relative phase curve over the total trunk motion or any 
portion of the total trunk motion (Burgess-Limerick et al. 1993). A relative phase of 0 
represents a perfectly synchronous (in-phase) contribution from the lumbar spine and 
pelvis. A relative phase of π radians (180 degrees) represents a perfectly asynchronous 
(out-of-phase) contribution from the lumbar spine and pelvis. For example, Hu et al. (Hu 
et al. 2014) observed that the mean relative phase for return from the fully bent posture to 
the standing posture without and with a 20 pound load in the hands is 0.45  and 0.23 radians, 
respectively.  These findings indicate that the lumbar and pelvic motions are more in-phase 
with versus without the load.  
 
 
Figure A-3: Quantitative results for the differences in timing of contribution between the 
lumbar and pelvic motion when lifting an object from different heights.  
The time difference is normalized to total movement time and negative values indicate 
the lumbar spine motion is ahead of pelvis motion. Adopted from (Thomas and Gibson 
2007) 
 
 Qualitative approaches for the magnitude of contribution. Qualitatively, 
magnitudes of contribution were characterized by investigation of curves representing 
percent of trunk motion in the sagittal plane provided by either lumbar or pelvic motion. 
Curves representing the absolute lumbar or pelvic motion compared to absolute or 
normalized trunk motion also were used. For any given instant of motion, if the lumbar 
curve is above (below) the pelvic curve it means that up to that point in time the total 
contribution of lumbar to trunk motion has been larger (smaller) than the pelvis . As an 
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example, Kim et al. (Kim et al. 2013) studied LPR in a healthy group of participants, and 
observed that the curve of pelvic motion is higher than the curve of lumbar motion in the 
late and early stages of the trunk forward bending and backward return, respectively. The 
pattern of the magnitude of contribution was the same in other parts of the trunk motion. 
So, the authors suggested that the total contribution of pelvis was larger than the total 
contribution of lumbar spine in the late and early stages of trunk forward bending and 
backward return, but their total contributions were almost equivalent elsewhere (Figure A-
4).  
 
 
Figure A-4: Plotting the lumbar and pelvic motions as functions of normalized trunk 
motion allows a qualitative comparison of the contribution of lumbar and pelvis motion 
to the trunk motion.  
For any given instant of motion, when the lumbar curve is above (below) the pelvic 
curve, it means that up to that point in time the total contribution of lumbar to trunk 
motion has been larger (smaller) than pelvis. The pelvic contribution in example shown 
here (Kim et al. 2013) is characterized locally with respect to thigh (i.e., hip flexion). 
 
 Quantitative approaches for the magnitude of contribution. The magnitude of 
lumbar spine contribution has been characterized quantitatively by calculating ratios of 
average lumbar motion to average pelvic motion (i.e., lumbopelvic ratio) during several 
different time intervals over the period of a specific trunk motion. The time intervals were 
either a given percent of total motion time (e.g., 25% of bending time) or the time required 
to complete a given percent of actual trunk motion (e.g., 25% of trunk motion) (Figure A-
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5). Compared to the qualitative approaches that offer information related to the total 
contribution, lumbopelvic ratios indicate to the relative contribution of lumbar and pelvic 
motion to trunk motion over the studied time window. For example, Phillips et al. (Phillips 
et al. 2015) observed that the mean (SD) of the lumbopelvic ratio for a group of participants 
was 4.04 (5.20),  0.54 (0.08) and 0.47 (0.15) for the first, second and the third time intervals 
of trunk forward bending at a self-selected pace. 
 
 
Figure A-5: Phillips et al reported the ratios of mean lumbar to mean pelvic motion, as 
lumbopelvic ratios, for three equal sized time-windows during the forward bending phase 
of the motion (Phillips et al. 2015). 
 
 The ratio of the lumbar to pelvic range of motion (i.e., lumbopelvic ratio over the 
entire trunk range of flexion) also has been used to characterize the magnitude of 
contribution. It should be kept in mind, however, that such a ratio represents the relative 
lumbar and pelvic contribution to trunk motion only at the end range of trunk motion, and 
does not offer any information related to relative contribution at other time points during 
the motion.   
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A.4. Characterization of lumbopelvic rhythm:  A sample experiment 
 To provide a comparison of results related to timing and magnitude of contribution 
obtained from the approaches reviewed in the previous section, we applied the approaches 
to a set of kinematic data that were obtained from one participant in our laboratory.  
 Qualitative approaches for the timing of contribution. The lumbar and pelvic 
motion were normalized to their maximum value in the trunk forward bending and 
backward return cycle. The normalized values for the lumbar spine and pelvis then, were 
plotted against each other (Figure A-6). It can be seen that there is no pure horizontal or 
vertical part in the curve, suggesting that the lumbar spine and pelvis are contributing to 
the motion simultaneously across the movements.  
 
 
Figure A-6: Qualitative characterization of the timing of contribution can be done on the 
basis of comparison between slopes of curves representing pelvic and lumbar motion. 
The absence of near vertical or horizontal regions in the curve suggest that pelvic and 
lumbar motion simultaneously contributed to the trunk motion. 
 
 Quantitative approaches for the timing of contribution. Using the critical point 
method, the time differences in the motion onset, peak velocity, and termination of motion 
between lumbar and pelvic motion were estimated (Figure A-7). The time differences were 
respectively 0.18, 0.30, 0.02 sec in the trunk forward bending, and 0, -0.22 and -0.28 in the 
backward return when assessed using the time event of the motion onset, peak velocity, 
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and termination of motion.  The negative sign indicates that the pelvic motion was ahead 
of the lumbar motion and vice versa. The time of motion onset and termination for the 
lumbar spine and pelvis in each phase of motion was specified as the time when the velocity 
of the lumbar spine or pelvis reaches 0.05 of the peak velocity. 
 
 
Figure A-7: Quantitative characterization of timing of contribution using the Critical 
Point Method.  
The timing of contribution is characterized by comparing motion onsets: point 1 (8) for 
lumbar and point 2 (7) for pelvic motion during forward bending (backward return); 
motion termination: point 5 (12) for lumbar and point 6 (11) for pelvic motion during 
forward bending (backward return); and times of peak velocity: point 3 (10) for lumbar 
and point 4 (9) for pelvic motion during forward bending (backward return). 
 
 The cross-correlation method was performed using a customized program written 
in MATLAB (Mathworks, Natick, MA. USA) software. We found the time lag to be 0.10 
and -0.14 seconds for trunk forward bending and backward return, respectively.  The 
negative sign indicates the pelvis was ahead of the lumbar spine and vice versa. 
 Finally, to study the timing aspect of LPR using the relative phase method, the 
phase planes of lumbar and pelvic motions were initially developed as explained above.  
The continuous relative phase for each time instant subsequently was calculated by 
subtracting the pelvic phase angle from the lumbar phase angle at that time instant (Figure 
A-8).  
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Figure A-8: The phase planes for the lumbar spine (A) and pelvis (B), and the curve of 
continuous relative phase (C) for a sample trial of forward bending and backward return. 
The angles “a” and “b” represent the phase angle of the lumbar spine and pelvis, 
respectively. 
 
 The average relative phase for the trunk forward bending and backward return were 
0.18 and -0.24 radians respectively. The negative relative phase indicates that the phase of 
pelvic motion was ahead of the phase of lumbar motion.  
 Qualitative approaches for the magnitude of contribution. The lumbar and pelvic 
motions at each percent of the total trunk motion in the trunk forward bending (0 to 100%) 
and backward return (100% to 200%) were plotted (Figure A-9). Attention to this figure 
reveals that for most of the motion, except toward the end of backward return, the total 
contribution of lumbar to trunk motion was larger than pelvic contribution. 
 Quantitative approaches for the magnitude of contribution. The lumbopelvic ratio 
for four equal time intervals were 1.95, 0.95, 0.68 and 1.09 during the trunk forward 
bending, and 0.49, 1.12, 1.95 and 1.32 during the backward return. A lumbopelvic ratio of 
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larger (smaller) than one for a given time window indicates that the amount of lumbar 
contribution was larger (smaller) than pelvic contribution during that time window. 
 
 
Figure A-9: On the basis of a qualitative comparison, our results indicate that total 
lumbar contribution was larger than total pelvic contribution throughout the motion. 
 
A.5. Conclusion 
 Studies of LPR were reviewed and their methods for kinematic measurement and 
characterization approaches for LPR were summarized. Measurement of kinematics 
primarily was performed using markers or sensors. Across studies, there were some 
differences in anatomical landmarks used to measure lumbar and pelvic motions. The 
characterization approaches for LPR included both qualitative and quantitative approaches 
and provided information about the timing or magnitude-related aspects of LPR. All 
quantitative approaches used to assess the timing aspect of LPR of our sample data 
indicated that the lumbar spine was ahead (behind) of the pelvis during the forward bending 
(backward return) phase of the trunk motion. However, the qualitative approach for timing 
aspect of LPR was not clear on the time difference between the lumbar and pelvic motions 
suggesting both contributing simultaneously. The quantitative approach for the magnitude 
aspect of LPR provided information related to the average amounts of the lumbar and 
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pelvic contributions over certain time windows whereas the qualitative approach provides 
the total contribution from the starting point.  
 Although the suitability of each of the summarized approaches needs to be 
evaluated based on the specific research or clinical question of interest, it is expected that 
the current review would provide a starting point for such a selection process.  
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Appendix B. Lumbopelvic Rhythm in the Sagittal Plane: A Review of the Effects of 
Participants and Task Characteristics 
 This chapter reproduced from a published manuscript, Vazirian, M., L. R. Van 
Dillen and B. Bazrgari (2016). "Lumbopelvic rhythm in the sagittal plane: A review of the 
effects of participants and task characteristics." International Musculoskeletal Medicine 
38(2): 51-58. 
 
B.1. Introduction 
 Low back pain (LBP) is a significant health problem, affecting the well-being of 
many people each year and imposing a huge economic burden to industries and the 
healthcare system (Hoy et al. 2010, Hoy et al. 2012, Hoy et al. 2014).  Given the complexity 
and multifactorial nature of this disorder (Deyo and Weinstein 2001, Salzberg 2012, Veizi 
and Hayek 2014), management of LBP inevitably relies on the availability of measures 
which can help identify at risk individuals, match patients with existing treatments, and 
monitor the progress of treatments.  
 The relative pattern of lumbar flexion/extension and pelvic rotation, as the two main 
contributors to the trunk motion in the sagittal plane, has been used in several earlier studies 
to verify its capability in differentiating between patients and healthy controls. The 
suggested premise behind this is that any change in this relative pattern, which for brevity 
will be called lumbopelvic rhythm (LPR) hereafter, could be an indication of alterations in 
the synergy between the active and passive contributions of lower back tissues in 
generating trunk motion. Therefore, changes in LPR could indirectly suggest alterations in 
neuromuscular control of trunk motion as well as the load (forces and deformations) 
distribution within the lower back tissues; both of which having an important role in 
development of LBP (Esola et al. 1996, Tafazzol et al. 2014, Hu and Ning 2015a). 
 LPR has been shown to be affected not only by the health condition (i.e., 
asymptomatic vs. symptomatic or different types of LBP), but also by the personal 
characteristics (e.g., age, gender) as well as the characteristics of trunk motion task (e.g., 
pace of motion, load to be lifted). Therefore, better management of LBP using the LPR 
measure requires an understanding of the potential effects of subject and task 
characteristics on LPR. Thus, the objective of this review is to summarize the current 
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knowledge about LPR during trunk bending and return in the sagittal plane for groups of 
individuals with different characteristics, and under different task conditions. This study 
comes as a continuation of a previous review where we summarized the methods used for 
kinematic measurement, and characterization approaches for LPR (Vazirian et al. 2016b). 
It is expected therefore, that these reviews will help establish a platform for future study of 
this concept in LBP research. 
 
B.2. Methods 
 A comprehensive search was conducted to identify all of the relevant studies 
reporting on LPR. The PUBMED and CINAHL databases were initially searched for 
articles which had the following keywords in the title or abstract: “lumbopelvic rhythm”, 
“lumbo-pelvic rhythm” “lumbar-pelvic rhythm”, “spino-pelvic rhythm”, “lumbopelvic 
coordination”, “lumbo-pelvic coordination”, “lumbar-pelvic coordination”, and “spino-
pelvic coordination”. The initial search results were further screened for the following 
inclusion criteria: (1) original research using in-vivo measurements in human participants, 
and (2) reporting LPR for trunk motion in the sagittal plane. In addition, references of each 
identified study were also investigated for identification of any study that was missed in 
the database search. Finally, a recent study by the authors (Vazirian et al. 2017a) which 
meets the review inclusion criteria was added to the list of included studies (Figure B-1).  
B.3. Results 
 Twenty six studies met all of our criteria and were included in the review. The 
characteristics of participants in each sample and the experimental procedure used in each 
study are summarized in Table B-1. During the review process, we noted that the LPR has 
been generally studied from two main perspectives that included (1) magnitude, and (2) 
timing of lumbar and pelvic contributions to trunk motion. Hence, in the following 
sections, the findings of the reviewed studies have been summarized based on if the focus 
was the magnitude or the timing aspects of LPR. The summary has been organized by first 
reporting findings from studies involving only asymptomatic people with no history of 
LBP, followed by findings from studies involving individuals with a current or a past 
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episode LBP. Thereafter, reports of changes in LPR due to differences in the characteristics 
of participant samples and experimental procedures are summarized. 
 
 
Figure B-1: Flow-chart of the literature search to find all relevant studies to LPR. 
  
 LPR in asymptomatic people with no history of LBP.   Findings from reports  of the 
timing of lumbar and pelvic motions can be categorized into (1) simultaneous motion of 
the lumbar spine and pelvis with no delay (Granata and Sanford 2000, Lee and Wong 2002, 
Wong and Lee 2004), 2) simultaneous motion of the lumbar spine and pelvis with a delay 
(Pal et al. 2007, Thomas and Gibson 2007), and 3) sequential motion of the lumbar spine 
and pelvis (Davis et al. 1965, Farfan 1975). Early studies of the kinematics of the lumbar 
spine and pelvis in asymptomatic individuals suggested a sequential contribution to the 
trunk motion (Davis et al. 1965, Farfan 1975); a suggestion that was not supported by any 
of the studies included in the current review. For the forward bending task, Lee & Wong 
(Lee and Wong 2002), and Wong & Lee (Wong and Lee 2004) reported a zero phase delay 
between lumbar and pelvic motions. In contrast, Pal et al. (Pal et al. 2007) reported that the 
initiation of motion and maximum angular velocity of the lumbar spine occurred 
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respectively 9.9% and 13.3% of task duration earlier than the time of corresponding events 
for the pelvis. Thomas et al. (Thomas and Gibson 2007) also reported that the initiation of 
lumbar motion was 48.9 milliseconds ahead of the pelvic motion. 
 For the backward return task, Granata and Sanford (Granata and Sanford 2000) 
reported simultaneous lumbar and pelvic motions based on the observation that the plot of 
lumbar motion compared to pelvic motion had no near horizontal or vertical segment. 
Similarly, Lee and Wong (Lee and Wong 2002) and Wong and Lee (Wong and Lee 2004) 
reported a zero phase delay between the lumbar and pelvic motions during the backward 
return. Pal et al. (Pal et al. 2007) however, reported that the motion onset and peak velocity 
of the pelvis occurred respectively 4.7% and 5.2% of the task duration earlier than the 
corresponding time events for the lumbar spine during the backward return. Similar 
observations to those by Pal et al. (Pal et al. 2007) have been reported by Thomas et al. 
(Thomas and Gibson 2007) with the pelvic motion reported to start 63 milliseconds ahead 
of the lumbar motion but only for the backward return from a middle and low height target. 
For the backward return started from a high height target (i.e., small trunk flexion), the 
same authors observed no phase difference. Such findings were consistent with the results 
from Lee and Wong (Lee and Wong 2002), Wong and Lee (Wong and Lee 2004), and 
Granata and Sanford (Granata and Sanford 2000).  
 For the magnitude aspects of LPR, the general observation in the studies reviewed 
was that the lumbar contribution to forward bending is dominant in the early stage of the 
trunk motion, whereas the pelvic contribution gradually increases and becomes dominant 
toward the end range of the trunk motion (Paquet et al. 1994, Esola et al. 1996, Lee and 
Wong 2002, Pal et al. 2007, Hasebe et al. 2014, Tafazzol et al. 2014). Thomas et al. 
(Thomas and Gibson 2007) reported larger lumbar contribution during the second quartile 
than the first quartile of forward bending. The reported lumbar to pelvic contribution ratios 
in their study were 1.8:1 and 1.6:1, respectively.  
 Inversely, it was reported that the early stage of backward return was accomplished 
primarily by pelvic motion, whereas the late stage of the backward return was 
accomplished primarily by  lumbar spine motion (Paquet et al. 1994, McClure et al. 1997, 
Granata and Sanford 2000, Lee and Wong 2002, Pal et al. 2007, Tafazzol et al. 2014). The 
only exception to this general observation was a study by Pal et al.  (Pal et al. 2007), 
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wherein equal contributions from the lumbar spine and pelvis were reported throughout the 
middle and late stages of backward return.  
 LPR and current episode of LBP.   There is no consensus in the reports of 
differences in the timing aspect of LPR between people with and without a current episode 
of LBP. Wong and Lee (Wong and Lee 2004) reported that participants with LBP, similar 
to asymptomatic participants, demonstrated a simultaneous lumbar and pelvic motion both 
in forward bending and backward return. Paquet et al. (Paquet et al. 1994) similarly 
suggested no significant difference in the timing of lumbar relative to pelvic coordination 
between people with LBP versus people without current LBP. Paquet et al. (Paquet et al. 
1994) further divided their LBP group into two subgroups and found that those who had  
significantly more in-phase lumbar and pelvic motion than the control group used pelvic 
motion for the earlier stage of the forward bending, and the terminal stage of the backward 
return. In another study, Silfies et al. (Silfies et al. 2009) observed that patients with LBP 
had a higher mean relative phase between the lumbar spine and pelvis than the control 
group in forward bending and backward return (i.e., more sequential motion). 
 In general, it has been suggested that in the presence of LBP the lumbar contribution 
in forward bending and backward return decreases  (Paquet et al. 1994, Porter and 
Wilkinson 1997, Lariviere et al. 2000, van Wingerden et al. 2008, Kim et al. 2013). 
Lariviere et al. (Lariviere et al. 2000) reported that the lumbar contribution was 
significantly smaller in people with LBP compared to people without LBP. They further 
noticed that such differences were not affected by the presence of a 12 kilogram external 
load. Porter and Wilkinson (Porter and Wilkinson 1997) also reported a smaller lumbar 
contribution in people with chronic LBP compared to people without LBP.  However, this 
occurred only during the early stage of the forward bending (0-15 degrees).  
 Van Wingerden et al. (van Wingerden et al. 2008) compared the lumbar and pelvic 
contribution between a group of patients with LBP and a group of pelvic girdle pain 
patients. The investigators observed that patients with LBP tended to maintain a lordosis 
(less lumbar motion) during forward bending. In contrast, the pelvic girdle pain patients 
displayed lumbar motion in the initial phase of forward bending. However, a higher lumbar 
contribution was reported for both patient groups as compared to controls toward the end 
range of forward bending. 
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Table B-1: List of the reviewed studies. 
Article 
Sample Tasks 
Group 
Number Health condition  Age Gender Stature Body mass Direction Range of motion Pace of motion 
Paquet et al., 
1994 (Paquet et 
al. 1994) 
10 Low back pain 41    
FB- BR As far as possible 
Slower than self-
selected for normal 
and self-selected 
for patients 
1, 2 
9 Healthy 41    
Gracovetsky et 
al., 1995 
5 Healthy 24 M   
BR Up to fully bent posture Self-selected 4, 5 
5 Healthy 24 F   
5 Healthy 35 M   
5 Healthy 35 F   
5 Healthy 45 M   
5 Healthy 45 F   
5 Healthy 55 M   
5 Healthy 55 F   
Nelson et al., 
1995 30 Healthy 26 F   FB- BR 
90% of maximal 
FB Self-selected 5 
Esola et al., 1996 
14 Asymptomatic with a history of low back pain 32 M 182cm 83kg 
FB As far as possible Self-selected 3 6 Asymptomatic with a history of low back pain 24 F 163cm 56kg 
13 Healthy 27 M 177cm 78kg 
8 Healthy 29 F 166cm 63kg 
McClure et al., 
1997 
12 Asymptomatic with a history of low back pain 34  180cm 79kg BR Not instructed Self-selected 1, 3 
12 Healthy 29  172cm 69kg 
Porter & 
Wilkinson, 1997 
15 Low back pain 27 M   
FB- BR 
As far as  
comfortably 
possible 
Self-selected 2 
17 Healthy 27 M   
Tully & Stillman, 
1997 
13 Healthy 26 M 170cm  
FB Up to touch the floor Self-selected 1 9 Healthy 26 F 170cm  
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Granata & 
Sanford, 2000 
13 Healthy 24 M 171cm 77kg 
BR from 90 deg to  upright 
15 deg/sec & 30 
deg/sec & 60 
deg/sec 
1, 5, 6 
5 Healthy 24 F 171cm 77kg 
Lariviere et al., 
2000 
18 Healthy 40 M 175cm 74kg 
FB- BR Fully bent posture One movement cycle lasted 5.45 s 2 15 Healthy 40 F 172cm 62kg 
Lee & Wong, 
2002 20 Healthy 20 M 171cm 62kg FB- BR As far as possible Self-selected 1 
Wong & Lee, 
2004 
20 Healthy 42  170cm 71kg 
FB- BR As far as possible Self-selected 1, 2 24 Low back pain 41 M 172cm 69kg 
17 Low back pain  with restricted leg raise 34 M 174cm 71kg 
Pal et al., 2007 20 Healthy 21 M 180cm 77kg FB-BR As far as possible Self-selected 1 
Thomas et al., 
2007 
8 Healthy 27 M   
FB-BR 
With knee 
flexion, to high, 
middle and low 
targets, & 
With knees 
extended, to a 
low target, & 
As far as possible 
With knee flexion, 
self-selected, &  
With knees 
extended, twice the 
comfortable pace 
1, 4, 6 
8 Healthy 26 F   
van Wingerden et 
al., 2008 
29 Low back pain with pelvic girdle pain 33 F   
FB-BR As far as possible Moderate pace 2 22 Low back pain 36 F   
53 Healthy 25 F   
Silfies et al., 2009 
23 Healthy 39 M 170cm 73kg 
FB-BR 
To reach a target 
in front of the 
participant’s 
trunk 
3 sec reaching and 
3 sec returning 2 
12 Healthy 39 F 170cm 73kg 
11 Low back pain 41 M 180cm 85kg 
19 Low back pain 41 F 180cm 85kg 
Kim et al. 2013 
16 Healthy 24  169cm 61kg 
FB-BR 
Fully flexed 
position, then to 
the initial position 
3 sec bending, 3 
sec returning 2 
17 
Low back pain (lumbar 
flexion with rotation 
syndrome) 
23  173cm 67kg 
14 
Low back pain (lumbar 
extension with rotation 
syndrome) 
24  169cm 65kg 
Hasebe et al., 
2013 18 Healthy 36 M 171cm 67kg FB To touch toes Self-selected 1 
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Hu et al., 2014 12 Healthy 26 M 172cm 77kg BR Full flexion to upright Self-selected 5 
Iwasaki et al., 
2014 
16 Healthy 22 M   
BR Not instructed Self-selected 5 
10 Healthy 22 F   
Lariviere et al., 
2014  
10 Healthy 26 M 180cm 80kg 
FB-BR As far as possible 4 sec bending and 4 sec returning 2 10 Healthy 27 F 168cm 65kg 
Tafazzol et al., 
2014 8 Healthy 25 M 181cm 80kg FB-BR 
To their 
maximum 
voluntary bending 
Self-selected 1 
Phillips et al., 
2015 
6 Healthy 27 M 179cm 79kg 
FB To touch toes 
As fast as possible, 
& 
Metronome 60 
beats/min 
5, 7 6 Healthy 27 F 166cm 62kg 
Hu & Ning, 2015 
(A) 13 Healthy 27 M 175cm 69kg FB-BR 
To 40 cm from 
the center of 
ankles 
Self-selected 5, 7 
Hu & Ning, 2015 
(B) 15 Healthy 26 M 173cm 77kg FB-BR 
To 40 cm from 
the center of 
ankles 
Self-selected 7 
Pries et al., 2015 134 Healthy 38 M 180cm 75kg FB As far as possible Self-selected 4 175 Healthy 38 F 167cm 61kg 
Vazirian et al., 
2017 
6 Healthy 25 M 178cm 79kg 
FB-BR As far as possible Self-selected, & As fast as possible 4, 6 
6 Healthy 25 F 165cm 61kg 
6 Healthy 35 M 173cm 81kg 
6 Healthy 35 F 167cm 65kg 
6 Healthy 45 M 180cm 88kg 
6 Healthy 45 F 166cm 71kg 
6 Healthy 55 M 181cm 85kg 
6 Healthy 55 F 164cm 71kg 
6 Healthy 65 M 178cm 84kg 
6 Healthy 65 F 165cm 65kg 
Letter codes under Tasks column denote: FB: forward bending, BR: backward return. 
Number codes under Group column denote study of LPR are related to (1) healthy control population,( 2) current LBP, (3) history of LBP, (4) age/gender, (5) 
handling of external load, (6) motion pace and (7) muscle fatigue. See summary of results for details.
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 A similar study was conducted by Kim et al. (Kim et al. 2013) wherein the 
investigators compared the LPR between two subgroups of LBP patients; patients with 
lumbar flexion with rotation syndrome, and patients with lumbar extension with rotation 
syndrome, and a control group. The group with lumbar flexion with rotation syndrome 
showed less pelvic and excessive lumbar motion compared to the control group. The group 
with lumbar extension with rotation syndrome showed more pelvic and less lumbar motion 
than the control group. The reported patterns were observed during both forward bending 
and backward return.  
 LPR and History of LBP.   The differences in LPR of people with a history of LBP 
compared to those without a history of LBP have been investigated in two studies. The 
goal of the two studies was to understand the reason why asymptomatic people with a 
history of LBP are susceptible to a recurrence of LBP.  The participants with a history of 
LBP were reported to have a smaller lumbar contribution during the middle stage of 
forward bending (30-60 degrees) compared to participants without a history of LBP as 
reflected in the reported lumbar to pelvic ratios of 0.72:1 compared to 1.06:1 (Esola et al. 
1996). During the early stage of backward return though, the lumbar contribution was 
reported to be larger in people with a history of LBP compared to those without a history 
of LBP (McClure et al. 1997).  
 LPR and Age and Gender.  Pries et al. (Pries et al. 2015) reported a smaller lumbar 
and larger pelvic contribution to trunk motion at the end range of trunk forward bending in 
older individuals compared to  younger individuals, as well as in females compared to the 
males. Vazirian et al. (Vazirian et al. 2017a) studied the differences in the lumbar 
contribution in four quartiles of forward bending and backward return between five age 
groups spanning from 20 to 70 years old. The investigators reported a smaller lumbar 
contribution in the groups older than 50 years, in the males and females, as well as a smaller 
lumbar contribution in females versus males in all of the quarters of forward bending and 
backward return. However, Thomas et al. (Thomas and Gibson 2007) observed no effect 
of gender on the magnitudes of lumbar and pelvic contribution in forward bending and 
backward return. For the backward return task, Lariviere et al. (Lariviere et al. 2014) 
reported larger contribution from the lumbar spine in males compared to females. 
Gracovetsky et al. (Gracovetsky et al. 1995) reported that older participants experienced a 
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smaller lumbar contribution throughout the backward return compared to younger 
participants. 
 LPR and External Load.   In general, the lumbar and pelvic motions during forward 
bending in the presence of external load has been reported to become more synchronous 
(Nelson et al. 1995, Hu and Ning 2015a). For the backward return, however, the reports 
about the timing of lumbar and pelvic contributions are inconsistent. Nelson et al. (Nelson 
et al. 1995) reported a relatively sequential pattern of lumbar and pelvic motions with the 
lumbar motion being ahead of the pelvic, when lifting a 9.5 kilogram load. Similarly, 
Iwasaki et al. (Iwasaki et al. 2014) observed that compared to a no load condition, the 
initiation of lumbar motion was delayed when lifting an external load that was 20% of the 
participant’s body weight. Hu et al. (Hu et al. 2014) found out that compared to lifting no 
load, lifting a 9 kilogram weight from the ground reduced the mean relative phase between 
the lumbar spine and pelvis (i.e., the lumbar and pelvic motions became more synchronous 
except during the first quartile of backward return). There have also been reports of 
simultaneous lumbar and pelvic motions during the backward return in the presence of load 
(Granata and Sanford 2000, Hu and Ning 2015a). 
 For the forward bending task, an increase  of approximately 10% in the lumbar 
contribution was reported by Phillips et al. (Phillips et al. 2015) for different stages of a 
fast forward bending task with added weight (~11 kilograms) to the trunk. For the 
backward return task, investigators report either no effect (Gracovetsky et al. 1995) or an 
increase in the lumbar contribution (Granata and Sanford 2000) due to the external load. 
Granata and Sanford (Granata and Sanford 2000) reported an increase of approximately 
1.3 in the ratio of lumbar to pelvic contribution when the external load increased from 0.1 
kilogram to 10 kilograms in backward return. However, Gracovetsky et al. (Gracovetsky 
et al. 1995) reported no effect of external load on the lumbar and pelvic contribution during 
the early stage of backward return (i.e., up to 60 degrees of the trunk motion) even with  
heavy loads up to 45 kilograms.  
 LPR and trunk pace.  Increasing the pace while lifting a load has been suggested to 
reduce the sequential nature of the pelvic and lumbar motions (Granata and Sanford 2000). 
For the forward bending task, Thomas et al. (Thomas and Gibson 2007) observed that 
increasing the pace of the trunk motion, in contrast to presence of external load, was 
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associated with a reduction in the lumbar contribution. Granata and Sanford (Granata and 
Sanford 2000) similarly reported a reduction in the total lumbar contribution with 
increasing the pace in backward return, but only in the presence of an external load.  
 LPR and Fatigue.  Hu and Ning (Hu and Ning 2015b) reported that with a 9 
kilogram weight, the mean relative phase of the lumbar spine and pelvis was reduced by 
~0.05 rad (i.e., became more in phase) due to the erector spinae muscle fatigue in backward 
return. By further dividing the total lifting duration into four intervals, Hu and Ning 
observed that the relative phase became lower due to fatigue in all except the first interval 
of the backward return. In another study, the same investigators also noted that fatigue 
resulted in an increased lumbar contribution during both the forward bending and backward 
return tasks. Finally, while not involving a specific trunk muscle fatiguing protocol, 
Phillips et al. (Phillips et al. 2015) reported an increased lumbar contribution at different 
stages of fast forward bending following a 45-minute brisk treadmill walk while carrying  
body armor.  
 
B.4. Conclusion 
 There is a general consensus among the reviewed studies that the lumbar 
contribution is predominant during the early stages of forward bending as well as later 
stages of backward return; a contribution that decreases at larger trunk flexion angles. In 
contrast to increasing the pace of trunk motion, the presence of external load was reported 
to delay and increase the lumbar contribution in backward return. The lumbar contribution 
has been reported to reduce with aging and to be less (or equal) among females as compared 
to males in forward bending and backward return. In contrast to healthy individuals, 
asymptomatic people with a history of LBP have a smaller lumbar contribution during the 
middle stage of forward bending, and a larger lumbar contribution during early stages of 
backward return. Different reports of timing and magnitude of lumbar and pelvic 
contribution to trunk motion have been reported for people in a current episode of LBP. 
Given the complexity and multifactorial nature of LBP, these differences could have been 
in part due to the heterogeneity in the populations of patients with LBP in the reviewed 
studies. Depending on the source of LBP, similar, larger, or smaller lumbar contribution 
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have been reported among people in an episode of LBP compared to those not in an episode 
of LBP. Another potential source of variability in the results of the reviewed studies, could 
be the differences in methods used to measure the motion, and approaches used to 
characterize the LPR (Vazirian et al. 2016b).  
74 
 
References 
 
Adams, M. A., K. Burton and N. Bogduk (2006). The biomechanics of back pain New 
York, Churchill Livingstone. 
Adams, M. A., D. S. McNally and P. Dolan (1996). "'Stress' distributions inside 
intervertebral discs. The effects of age and degeneration." The Journal of bone and joint 
surgery. British volume 78(6): 965-972. 
Bakker, E. W., A. P. Verhagen, E. van Trijffel, C. Lucas and B. W. Koes (2009). "Spinal 
mechanical load as a risk factor for low back pain: a systematic review of prospective 
cohort studies." Spine 34(8): E281-293. 
Barnes, D., B. D. Stemper, N. Yogananan, J. L. Baisden and F. A. Pintar (2009). "Normal 
coupling behavior between axial rotation and lateral bending in the lumbar spine - biomed 
2009." Biomedical sciences instrumentation 45: 131-136. 
Bazrgari, B., B. Hendershot, K. Muslim, N. Toosizadeh, M. A. Nussbaum and M. L. 
Madigan (2011). "Disturbance and recovery of trunk mechanical and neuromuscular 
behaviours following prolonged trunk flexion: influences of duration and external load on 
creep-induced effects." Ergonomics 54(11): 1043-1052. 
Bazrgari, B., A. Shirazi-Adl, M. Trottier and P. Mathieu (2008). "Computation of trunk 
equilibrium and stability in free flexion-extension movements at different velocities." 
Journal of biomechanics 41(2): 412-421. 
Buchbinder, R., F. M. Blyth, L. M. March, P. Brooks, A. D. Woolf and D. G. Hoy (2013). 
"Placing the global burden of low back pain in context." Best practice & research. Clinical 
rheumatology 27(5): 575-589. 
Buckwalter, J. A. (1995). "Aging and degeneration of the human intervertebral disc." Spine 
20(11): 1307-1314. 
Burdorf, A. and G. Sorock (1997). "Positive and negative evidence of risk factors for back 
disorders."  23(4): 243-256. 
Burgess-Limerick, R., B. Abernethy and R. J. Neal (1993). "Relative phase quantifies 
interjoint coordination." Journal of biomechanics 26(1): 91-94. 
Cassidy, J. D., P. Cote, L. J. Carroll and V. Kristman (2005). "Incidence and course of low 
back pain episodes in the general population." Spine 30(24): 2817-2823. 
Cats-Baril, W. L. and J. W. Frymoyer (1991). "Identifying patients at risk of becoming 
disabled because of low-back pain. The Vermont Rehabilitation Engineering Center 
predictive model." Spine 16(6): 605-607. 
75 
 
Damkot, D. K., M. H. Pope, J. Lord and J. W. Frymoyer (1984). "The relationship between 
work history, work environment and low-back pain in men." Spine 9(4): 395-399. 
Davis, G. D. and M. J. Jorgensen (2005). "Biomechanical modeling for understanding of 
low back injuries: A systematic review."  5: 57-76. 
Davis, K. G. and W. S. Marras (2000). "The effects of motion on trunk biomechanics." 
Clinical biomechanics 15(10): 703-717. 
Davis, P. R., J. D. Troup and J. H. Burnard (1965). "Movements of the Thoracic and 
Lumbar Spine When Lifting: A Chrono-Cyclophotographic Study." Journal of anatomy 
99: 13-26. 
Delp, S. L., S. Suryanarayanan, W. M. Murray, J. Uhlir and R. J. Triolo (2001). 
"Architecture of the rectus abdominis, quadratus lumborum, and erector spinae." Journal 
of biomechanics 34(3): 371-375. 
Deyo, R. A., S. K. Mirza and B. I. Martin (2006). "Back pain prevalence and visit rates: 
estimates from U.S. national surveys, 2002." Spine 31(23): 2724-2727. 
Deyo, R. A. and J. N. Weinstein (2001). "Low back pain." The New England journal of 
medicine 344(5): 363-370. 
Dionne, C. E., K. M. Dunn and P. R. Croft (2006). "Does back pain prevalence really 
decrease with increasing age? A systematic review." Age and ageing 35(3): 229-234. 
Dreischarf, M., T. Zander, A. Shirazi-Adl, C. M. Puttlitz, C. J. Adam, C. S. Chen, V. K. 
Goel, A. Kiapour, Y. H. Kim, K. M. Labus, J. P. Little, W. M. Park, Y. H. Wang, H. J. 
Wilke, A. Rohlmann and H. Schmidt (2014). "Comparison of eight published static finite 
element models of the intact lumbar spine: predictive power of models improves when 
combined together." Journal of biomechanics 47(8): 1757-1766. 
Dvorak, J., E. G. Vajda, D. Grob and M. M. Panjabi (1995). "Normal motion of the lumbar 
spine as related to age and gender." European spine journal : official publication of the 
European Spine Society, the European Spinal Deformity Society, and the European Section 
of the Cervical Spine Research Society 4(1): 18-23. 
Einkauf, D. K., M. L. Gohdes, G. M. Jensen and M. J. Jewell (1987). "Changes in spinal 
mobility with increasing age in women." Physical therapy 67(3): 370-375. 
Esola, M. A., P. W. McClure, G. K. Fitzgerald and S. Siegler (1996). "Analysis of lumbar 
spine and hip motion during forward bending in subjects with and without a history of low 
back pain." Spine 21(1): 71-78. 
Farfan, H. F. (1975). "Muscular mechanism of the lumbar spine and the position of power 
and efficiency." The Orthopedic clinics of North America 6(1): 135-144. 
76 
 
Fitzgerald, G. K., K. J. Wynveen, W. Rheault and B. Rothschild (1983). "Objective 
assessment with establishment of normal values for lumbar spinal range of motion." 
Physical therapy 63(11): 1776-1781. 
Frymoyer, J. W., M. H. Pope, J. H. Clements, D. G. Wilder, B. MacPherson and T. 
Ashikaga (1983). "Risk factors in low-back pain. An epidemiological survey." The Journal 
of bone and joint surgery. American volume 65(2): 213-218. 
Galbusera, F., M. van Rijsbergen, K. Ito, J. M. Huyghe, M. Brayda-Bruno and H. J. Wilke 
(2014). "Ageing and degenerative changes of the intervertebral disc and their impact on 
spinal flexibility." European spine journal : official publication of the European Spine 
Society, the European Spinal Deformity Society, and the European Section of the Cervical 
Spine Research Society 23 Suppl 3: S324-332. 
Gracovetsky, S., N. Newman, M. Pawlowsky, V. Lanzo, B. Davey and L. Robinson (1995). 
"A database for estimating normal spinal motion derived from noninvasive measurements." 
Spine 20(9): 1036-1046. 
Granata, K. P. and A. H. Sanford (2000). "Lumbar-pelvic coordination is influenced by 
lifting task parameters." Spine 25(11): 1413-1418. 
Ha, T. H., K. Saber-Sheikh, A. P. Moore and M. P. Jones (2013). "Measurement of lumbar 
spine range of movement and coupled motion using inertial sensors - a protocol validity 
study." Manual therapy 18(1): 87-91. 
Hasebe, K., K. Sairyo, Y. Hada, A. Dezawa, Y. Okubo, K. Kaneoka and Y. Nakamura 
(2014). "Spino-pelvic-rhythm with forward trunk bending in normal subjects without low 
back pain." European journal of orthopaedic surgery & traumatology : orthopedie 
traumatologie 24 Suppl 1: S193-199. 
Hasegewa, K., K. Kitahara, T. Hara, K. Takano and H. Shimoda (2009). "Biomechanical 
evaluation of segmental instability in degenerative lumbar spondylolisthesis." European 
spine journal : official publication of the European Spine Society, the European Spinal 
Deformity Society, and the European Section of the Cervical Spine Research Society 18(4): 
465-470. 
Hendershot, B., B. Bazrgari, K. Muslim, N. Toosizadeh, M. A. Nussbaum and M. L. 
Madigan (2011). "Disturbance and recovery of trunk stiffness and reflexive muscle 
responses following prolonged trunk flexion: influences of flexion angle and duration." 
Clinical biomechanics 26(3): 250-256. 
Hoogendoorn, W. E., P. M. Bongers, H. C. de Vet, M. Douwes, B. W. Koes, M. C. 
Miedema, G. A. Ariens and L. M. Bouter (2000). "Flexion and rotation of the trunk and 
lifting at work are risk factors for low back pain: results of a prospective cohort study." 
Spine 25(23): 3087-3092. 
77 
 
Hoy, D., C. Bain, G. Williams, L. March, P. Brooks, F. Blyth, A. Woolf, T. Vos and R. 
Buchbinder (2012). "A systematic review of the global prevalence of low back pain." 
Arthritis and rheumatism 64(6): 2028-2037. 
Hoy, D., P. Brooks, F. Blyth and R. Buchbinder (2010). "The Epidemiology of low back 
pain." Best practice & research. Clinical rheumatology 24(6): 769-781. 
Hoy, D., L. March, P. Brooks, F. Blyth, A. Woolf, C. Bain, G. Williams, E. Smith, T. Vos, 
J. Barendregt, C. Murray, R. Burstein and R. Buchbinder (2014). "The global burden of 
low back pain: estimates from the Global Burden of Disease 2010 study." Annals of the 
rheumatic diseases 73(6): 968-974. 
Hu, B. and X. Ning (2015a). "The Changes of Trunk Motion Rhythm and Spinal Loading 
During Trunk Flexion and Extension Motions Caused by Lumbar Muscle Fatigue." Annals 
of biomedical engineering. 
Hu, B. and X. Ning (2015b). "The influence of lumbar extensor muscle fatigue on lumbar-
pelvic coordination during weight lifting." Ergonomics: 1-24. 
Hu, B., X. Ning and M. A. Nussbaum (2014). The influence of hand load on lumbar-pelvic 
coordination during lifting task. Human Factors and Ergonomics Society 58th Annual 
Meeting. 
Ihlen, E. A. (2014). "Age-related changes in inter-joint coordination during walking." 
Journal of applied physiology 117(2): 189-198. 
Iida, T., K. Abumi, Y. Kotani and K. Kaneda (2002). "Effects of aging and spinal 
degeneration on mechanical properties of lumbar supraspinous and interspinous 
ligaments." The spine journal : official journal of the North American Spine Society 2(2): 
95-100. 
Intolo, P., S. Milosavljevic, D. G. Baxter, A. B. Carman, P. Pal and J. Munn (2009). "The 
effect of age on lumbar range of motion: a systematic review." Manual therapy 14(6): 596-
604. 
Iwasaki, R., G. Yokoyama, S. Kawabata and T. Suzuki (2014). "Lumbar Extension during 
Stoop Lifting is Delayed by the Load and Hamstring Tightness." Journal of physical 
therapy science 26(1): 57-61. 
Jandre Reis, F. J. and A. R. Macedo (2015). "Influence of Hamstring Tightness in Pelvic, 
Lumbar and Trunk Range of Motion in Low Back Pain and Asymptomatic Volunteers 
during Forward Bending." Asian spine journal 9(4): 535-540. 
Janwantanakul, P., E. Sitthipornvorakul and A. Paksaichol (2012). "Risk factors for the 
onset of nonspecific low back pain in office workers: a systematic review of prospective 
cohort studies." Journal of manipulative and physiological therapeutics 35(7): 568-577. 
78 
 
Johannes, C. B., T. K. Le, X. Zhou, J. A. Johnston and R. H. Dworkin (2010). "The 
prevalence of chronic pain in United States adults: results of an Internet-based survey." 
The journal of pain : official journal of the American Pain Society 11(11): 1230-1239. 
Kim, H. K. and Y. Zhang (2016). "Estimation of lumbar spinal loading and trunk muscle 
forces during asymmetric lifting tasks: application of whole-body musculoskeletal 
modelling in OpenSim." Ergonomics: 1-14. 
Kim, M. H., C. H. Yi, O. Y. Kwon, S. H. Cho, H. S. Cynn, Y. H. Kim, S. H. Hwang, B. R. 
Choi, J. A. Hong and D. H. Jung (2013). "Comparison of lumbopelvic rhythm and flexion-
relaxation response between 2 different low back pain subtypes." Spine 38(15): 1260-1267. 
Kingma, I., C. T. Baten, P. Dolan, H. M. Toussaint, J. H. van Dieen, M. P. de Looze and 
M. A. Adams (2001). "Lumbar loading during lifting: a comparative study of three 
measurement techniques." Journal of electromyography and kinesiology : official journal 
of the International Society of Electrophysiological Kinesiology 11(5): 337-345. 
Kopec, J. A., E. C. Sayre and J. M. Esdaile (2004). "Predictors of back pain in a general 
population cohort." Spine 29(1): 70-77; discussion 77-78. 
Lamb, P. F. and M. Stockl (2014). "On the use of continuous relative phase: Review of 
current approaches and outline for a new standard." Clinical biomechanics 29(5): 484-493. 
Lariviere, C., J. M. Caron, R. Preuss and H. Mecheri (2014). "The effect of different lumbar 
belt designs on the lumbopelvic rhythm in healthy subjects." BMC musculoskeletal 
disorders 15: 307. 
Lariviere, C., D. Gagnon and P. Loisel (2000). "The effect of load on the coordination of 
the trunk for subjects with and without chronic low back pain during flexion-extension and 
lateral bending tasks." Clinical biomechanics 15(6): 407-416. 
Lee, R. Y. and T. K. Wong (2002). "Relationship between the movements of the lumbar 
spine and hip." Human movement science 21(4): 481-494. 
Maetzel, A. and L. Li (2002). "The economic burden of low back pain: a review of studies 
published between 1996 and 2001." Best practice & research. Clinical rheumatology 16(1): 
23-30. 
Manchikanti, L. (2000). "Epidemiology of low back pain." Pain physician 3(2): 167-192. 
Mannion, A. F., K. Knecht, G. Balaban, J. Dvorak and D. Grob (2004). "A new skin-
surface device for measuring the curvature and global and segmental ranges of motion of 
the spine: reliability of measurements and comparison with data reviewed from the 
literature." European spine journal : official publication of the European Spine Society, the 
European Spinal Deformity Society, and the European Section of the Cervical Spine 
Research Society 13(2): 122-136. 
79 
 
Marras, W. S., K. G. Davis and M. Jorgensen (2002). "Spine loading as a function of 
gender." Spine 27(22): 2514-2520. 
McClure, P. W., M. Esola, R. Schreier and S. Siegler (1997). "Kinematic analysis of lumbar 
and hip motion while rising from a forward, flexed position in patients with and without a 
history of low back pain." Spine 22(5): 552-558. 
McGill, S. M. (1997). "The biomechanics of low back injury: implications on current 
practice in industry and the clinic." Journal of biomechanics 30(5): 465-475. 
McGill, S. M., V. R. Yingling and J. P. Peach (1999). "Three-dimensional kinematics and 
trunk muscle myoelectric activity in the elderly spine - a database compared to young 
people." Clinical biomechanics 14(6): 389-395. 
McGregor, A. H., I. D. McCarthy and S. P. Hughes (1995). "Motion characteristics of the 
lumbar spine in the normal population." Spine 20(22): 2421-2428. 
Milosavljevic, S., P. Pal, D. Bain and G. Johnson (2008). "Kinematic and temporal 
interactions of the lumbar spine and hip during trunk extension in healthy male subjects." 
European spine journal : official publication of the European Spine Society, the European 
Spinal Deformity Society, and the European Section of the Cervical Spine Research 
Society 17(1): 122-128. 
Mokhtarinia, H. R., M. A. Sanjari, M. Chehrehrazi, S. Kahrizi and M. Parnianpour (2016). 
"Trunk coordination in healthy and chronic nonspecific low back pain subjects during 
repetitive flexion-extension tasks: Effects of movement asymmetry, velocity and load." 
Human movement science 45: 182-192. 
Nelson, J. M., R. P. Walmsley and J. M. Stevenson (1995). "Relative lumbar and pelvic 
motion during loaded spinal flexion/extension." Spine 20(2): 199-204. 
Norman, R., R. Wells, P. Neumann, J. Frank, H. Shannon and M. Kerr (1998). "A 
comparison of peak vs cumulative physical work exposure risk factors for the reporting of 
low back pain in the automotive industry." Clinical biomechanics 13(8): 561-573. 
Oxland, T. R., J. J. Crisco, 3rd, M. M. Panjabi and I. Yamamoto (1992). "The effect of 
injury on rotational coupling at the lumbosacral joint. A biomechanical investigation." 
Spine 17(1): 74-80. 
Pal, P., S. Milosavljevic, G. Sole and G. Johnson (2007). "Hip and lumbar continuous 
motion characteristics during flexion and return in young healthy males." European spine 
journal : official publication of the European Spine Society, the European Spinal Deformity 
Society, and the European Section of the Cervical Spine Research Society 16(6): 741-747. 
Panjabi, M., I. Yamamoto, T. Oxland and J. Crisco (1989). "How does posture affect 
coupling in the lumbar spine?" Spine 14(9): 1002-1011. 
80 
 
Panjabi, M. M. (1992). "The stabilizing system of the spine. Part I. Function, dysfunction, 
adaptation, and enhancement." Journal of spinal disorders 5(4): 383-389; discussion 397. 
Paquet, N., F. Malouin and C. L. Richards (1994). "Hip-spine movement interaction and 
muscle activation patterns during sagittal trunk movements in low back pain patients." 
Spine 19(5): 596-603. 
Pearcy, M. J. (1985). "Stereo radiography of lumbar spine motion." Acta orthopaedica 
Scandinavica. Supplementum 212: 1-45. 
Phillips, M., B. Bazrgari and R. Shapiro (2014). "The effects of military body armour on 
the lower back and knee mechanics during toe-touch and two-legged squat tasks." 
Ergonomics: 1-12. 
Phillips, M., B. Bazrgari and R. Shapiro (2015). "The effects of military body armour on 
the lower back and knee mechanics during toe-touch and two-legged squat tasks." 
Ergonomics 58(3): 492-503. 
Podichetty, V. K. (2007). "The aging spine: the role of inflammatory mediators in 
intervertebral disc degeneration." Cellular and molecular biology 53(5): 4-18. 
Porter, J. L. and A. Wilkinson (1997). "Lumbar-hip flexion motion. A comparative study 
between asymptomatic and chronic low back pain in 18- to 36-year-old men." Spine 
22(13): 1508-1513; discussion 1513-1504. 
Pries, E., M. Dreischarf, M. Bashkuev, M. Putzier and H. Schmidt (2015). "The effects of 
age and gender on the lumbopelvic rhythm in the sagittal plane in 309 subjects." Journal 
of biomechanics: BMD1500453. 
Punnett, L., L. J. Fine, W. M. Keyserling, G. D. Herrin and D. B. Chaffin (1991). "Back 
disorders and nonneutral trunk postures of automobile assembly workers." Scandinavian 
journal of work, environment & health 17(5): 337-346. 
Quirk, D. A. and C. L. Hubley-Kozey (2014). "Age-related changes in trunk neuromuscular 
activation patterns during a controlled functional transfer task include amplitude and 
temporal synergies." Human movement science 38: 262-280. 
Russell, P., M. J. Pearcy and A. Unsworth (1993). "Measurement of the range and coupled 
movements observed in the lumbar spine." British journal of rheumatology 32(6): 490-497. 
Salzberg, L. (2012). "The physiology of low back pain." Primary care 39(3): 487-498. 
Scholz, J. P. (1990). "Dynamic pattern theory--some implications for therapeutics." 
Physical therapy 70(12): 827-843. 
Schoner, G., W. Y. Jiang and J. A. Kelso (1990). "A synergetic theory of quadrupedal gaits 
and gait transitions." Journal of theoretical biology 142(3): 359-391. 
81 
 
Seay, J. F., R. E. Van Emmerik and J. Hamill (2011). "Low back pain status affects pelvis-
trunk coordination and variability during walking and running." Clinical biomechanics 
26(6): 572-578. 
Selles, R. W., R. C. Wagenaar, T. H. Smit and P. I. Wuisman (2001). "Disorders in trunk 
rotation during walking in patients with low back pain: a dynamical systems approach." 
Clinical biomechanics 16(3): 175-181. 
Shao, Z., G. Rompe and M. Schiltenwolf (2002). "Radiographic changes in the lumbar 
intervertebral discs and lumbar vertebrae with age." Spine 27(3): 263-268. 
Shirazi-Adl, A. (1994). "Biomechanics of the lumbar spine in sagittal/lateral moments." 
Spine 19(21): 2407-2414. 
Shojaei, I., K. Allen-Bryant and B. Bazrgari (2016a). "Viscoelastic Response of the Human 
Lower Back to Passive Flexion: The Effects of Age." Annals of biomedical engineering. 
Shojaei, I., K. Allen-Bryant and B. Bazrgari (2016b). "Viscoelastic Response of the Human 
Lower Back to Passive Flexion: The Effects of Age." Annals of biomedical engineering 
44(9): 2817-2826. 
Shojaei, I., M. A. Nussbaum and B. Bazrgari (2016c). "Age-related differences in trunk 
muscle reflexive behaviors." Journal of biomechanics 49(14): 3147-3152. 
Shojaei, I., M. Vazirian, E. Croft, M. A. Nussbaum and B. Bazrgari (2015). "Age related 
differences in mechanical demands imposed on the lower back by manual material 
handling tasks." Journal of biomechanics. 
Shojaei, I., M. Vazirian, E. Croft, M. A. Nussbaum and B. Bazrgari (2016d). "Age related 
differences in mechanical demands imposed on the lower back by manual material 
handling tasks." Journal of biomechanics 49(6): 896-903. 
Silfies, S. P., A. Bhattacharya, S. Biely, S. S. Smith and S. Giszter (2009). "Trunk control 
during standing reach: A dynamical system analysis of movement strategies in patients 
with mechanical low back pain." Gait & posture 29(3): 370-376. 
Song, J. H. and X. D. Qu (2014). "Age-related biomechanical differences during 
asymmetric lifting." Int J Ind Ergonom 44(5): 629-635. 
Stergiou, N., J. L. Jensen, B. T. Bates, S. D. Scholten and G. Tzetzis (2001). "A dynamical 
systems investigation of lower extremity coordination during running over obstacles." 
Clinical biomechanics 16(3): 213-221. 
Tafazzol, A., N. Arjmand, A. Shirazi-Adl and M. Parnianpour (2014). "Lumbopelvic 
rhythm during forward and backward sagittal trunk rotations: combined in vivo 
measurement with inertial tracking device and biomechanical modeling." Clinical 
biomechanics 29(1): 7-13. 
82 
 
Takala, E. P., I. Pehkonen, M. Forsman, G. A. Hansson, S. E. Mathiassen, W. P. Neumann, 
G. Sjogaard, K. B. Veiersted, R. H. Westgaard and J. Winkel (2010). "Systematic 
evaluation of observational methods assessing biomechanical exposures at work." 
Scandinavian journal of work, environment & health 36(1): 3-24. 
Thomas, J. S. and G. E. Gibson (2007). "Coordination and timing of spine and hip joints 
during full body reaching tasks." Human movement science 26(1): 124-140. 
Toossi, M. (2012). Labor force projections to 2020: a more slowly growing workforce. 
Montly Labor Review: 43-64. 
Troke, M., A. P. Moore, F. J. Maillardet, A. Hough and E. Cheek (2001). "A new, 
comprehensive normative database of lumbar spine ranges of motion." Clinical 
rehabilitation 15(4): 371-379. 
Tully, E. A. and B. C. Stillman (1997). "Computer-aided video analysis of vertebrofemoral 
motion during toe touching in healthy subjects." Archives of physical medicine and 
rehabilitation 78(7): 759-766. 
Vachalathiti, R., J. Crosbie and R. Smith (1995). "Effects of age, gender and speed on three 
dimensional lumbar spine kinematics." The Australian journal of physiotherapy 41(4): 
245-253. 
van Dieen, J. H., L. P. Selen and J. Cholewicki (2003). "Trunk muscle activation in low-
back pain patients, an analysis of the literature." Journal of electromyography and 
kinesiology : official journal of the International Society of Electrophysiological 
Kinesiology 13(4): 333-351. 
van Emmerik, R. E. and R. C. Wagenaar (1996). "Effects of walking velocity on relative 
phase dynamics in the trunk in human walking." Journal of biomechanics 29(9): 1175-
1184. 
Van Herp, G., P. Rowe, P. Salter and J. P. Paul (2000). "Three-dimensional lumbar spinal 
kinematics: a study of range of movement in 100 healthy subjects aged 20 to 60+ years." 
Rheumatology 39(12): 1337-1340. 
van Wingerden, J. P., A. Vleeming and I. Ronchetti (2008). "Differences in standing and 
forward bending in women with chronic low back or pelvic girdle pain: indications for 
physical compensation strategies." Spine 33(11): E334-341. 
Vazirian, M., I. Shojaei, A. Agarwal and B. Bazrgari (2017a). "Lumbar contribution to the 
trunk forward bending and backward return; age-related differences." Ergonomics 60(7): 
967-976. 
Vazirian, M., I. Shojaei and B. Bazrgari (2017b). "Age-related Differences in the Timing 
Aspect of Lumbopelvic Rhythm during Trunk Motion in the Sagittal Plane."  51: 1-8. 
83 
 
Vazirian, M., I. Shojaei, R. L. Tromp, M. A. Nussbaum and B. Bazrgari (2016a). "Age-
related differences in trunk intrinsic stiffness." Journal of biomechanics 49(6): 926-932. 
Vazirian, M., L. R. Van Dillen and B. Bazrgari (2016b). "Lumbopelvic rhythm during 
trunk motion in the sagittal plane: A review of the kinematic measurement methods and 
characterization approaches."  3: 1-9. 
Vazirian, M., L. R. Van Dillen and B. Bazrgari (2016c). "Lumbopelvic rhythm in the 
sagittal plane: A review of the effects of participants and task characteristics."  38(2): 51-
58. 
Veizi, E. and S. Hayek (2014). "Interventional therapies for chronic low back pain." 
Neuromodulation : journal of the International Neuromodulation Society 17 Suppl 2: 31-
45. 
Wong, T. K. and R. Y. Lee (2004). "Effects of low back pain on the relationship between 
the movements of the lumbar spine and hip." Human movement science 23(1): 21-34. 
Xsens (2012). MTw User Manual: MTw Hardware, MT Manager, Awinda Protocol. X. 
Technologies. Enschede, Netherlands. 
Yun, W. S., H. Kim, J. H. Ahn, Y. B. Park and Y. J. Park (2015). "Individual characteristics 
of reliable lumbar coupling motions." European spine journal : official publication of the 
European Spine Society, the European Spinal Deformity Society, and the European Section 
of the Cervical Spine Research Society 24(9): 1917-1925. 
Zhou, J., X. Ning and F. Fathallah (2015). "Differences in lumbopelvic rhythm between 
trunk flexion and extension." Clinical biomechanics. 
 
  
84 
 
Vita 
 
Education 
• MSc, Mechanical Engineering, Sharif University of Technology, Tehran, Iran, 
1/2010 
• BSc, Mechanical Engineering, Sharif University of Technology, Tehran, Iran, 
5/2007  
Academic Appointments 
• Teaching assistant, College of Engineering, University of Kentucky, 1/2017-
5/2017  
• Teaching assistant, Department of Physics, University of Kentucky, 8/2016-
5/2017  
• Research assistant, Department of Biomedical Engineering, University of 
Kentucky 8/2012 – 5/2015 
Scholastic Honors 
• Dean's Award For Outstanding PhD Student, College of Engineering, 
University of Kentucky, 2017 
• Outstanding Doctoral Student in Biomedical Engineering, College of 
Engineering, University of Kentucky, 2017 
Publications  
• Vazirian, M., I. Shojaei, A. Agarwal and B. Bazrgari (2017). "Lumbar 
contribution to the trunk forward bending and backward return; age-related 
differences." Ergonomics 60(7): 967-976. 
• Shojaei, I., M. Vazirian, E. G. Salt, L. R. Van Dillen and B. Bazrgari (2017). 
"Timing and magnitude of lumbar spine contribution to trunk forward bending 
and backward return in patients with acute low back pain." Journal of 
biomechanics 53: 71-77.  
• Vazirian, M., I. Shojaei and B. Bazrgari (2017). "Age-related Differences in 
the Timing Aspect of Lumbopelvic Rhythm during Trunk Motion in the Sagittal 
Plane."  51: 1-8.  
85 
 
• Vazirian, M., L. R. Van Dillen and B. Bazrgari (2016). "Lumbopelvic rhythm 
in the sagittal plane: A review of the effects of participants and task 
characteristics."  38(2): 51-58.  
• Vazirian, M., L. R. Van Dillen and B. Bazrgari (2016). "Lumbopelvic rhythm 
during trunk motion in the sagittal plane: A review of the kinematic 
measurement methods and characterization approaches."  3: 1-9.  
• Vazirian, M., I. Shojaei, R. L. Tromp, M. A. Nussbaum and B. Bazrgari (2016). 
"Age-related differences in trunk intrinsic stiffness." Journal of biomechanics 
49(6): 926-932.  
• Shojaei, I., M. Vazirian, E. Croft, M. A. Nussbaum and B. Bazrgari (2016). 
"Age related differences in mechanical demands imposed on the lower back by 
manual material handling tasks." Journal of biomechanics 49(6): 896-903.  
  
86 
 
